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Domesticación y cultivo del trigo
El trigo es uno de los cultivos más importantes a nivel mundial, y en la actualidad 
se encuentra entre los “tres grandes” cultivos de cereales (maíz, arroz y trigo) con 
una producción anual mundial de alrededor de 680 millones de toneladas (dato de 
2009; http://faostat.org). A pesar de su relativamente bajo contenido en proteínas 
(normalmente 8-15%), constituye la fuente más importante de proteínas en la ali-
mentación humana. El cultivo del trigo data de 10.000 años de antigüedad, como 
parte de la “Revolución Neolítica”, que constituyó el paso de la caza y recolección 
de alimentos hacia una agricultura estable (Shewry, 2009). Las primeras formas 
cultivadas de trigo fueron trigos vestidos diploides (AA, 2n=2x=14) (escaña) y 
tetraploides (AABB, 2n=4x=28) (escanda) (Figura 1). La escaña (Triticum mono-
coccum subsp. monococcum) procede de la domesticación de una especie silvestre 
denominada T. monococcum subsp. aegilopoides (syn. T. boeticum), mientras que 
la escanda (T. turgidum subsp. dicoccum) se domesticó a partir de otra especie 
silvestre tetraploide (T. turgidum subsp. dicoccoides). A partir de la escanda se de-
sarrollaron los actuales trigos tetraploides como el trigo duro (T. turgidum subsp. 
durum) (AABB, 2n=4x=28) (Figura 1). Evidencias genéticas y arqueobotánicas 
apuntan a que estos primeros trigos se domesticaron en la región norte del Cre-
ciente Fértil, en el sureste de Turquía y norte de Siria (Heun et al., 1997; Nesbitt 
y Samuel, 1998; Dubcovsky y Dvorak, 2007). El trigo harinero hexaploide (T. 
aestivum subsp. aestivum) (AABBDD, 2n=6x=42), sin embargo, no procede de la 
domesticación de una especie silvestre sino que proviene de la hibridación interes-
pecífica espontánea ocurrida en los campos de cultivo de la escanda cultivada con 
la especie silvestre T. tauschii (también llamada Aegilops tauschii y Ae. squarro-
sa) a la que le siguió una posterior duplicación cromosómica también esporádica 
(Figura 1).
El resultado de la hibridación fue seleccionada por los agricultores de-
bido a sus cualidades superiores, y ha evolucionado hasta la actualidad. A pesar 
de su relativamente reciente origen, el trigo presenta una diversidad genética tan 
amplia que le ha permitido el desarrollo de unos 25.000 tipos diferentes de trigos 
(Feldman, 1995). En la actualidad el 95% del trigo cultivado en el mundo es trigo 
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harinero (AABBDD), mientras que el trigo duro (AABB) constituye tan solo el 
5% del cultivo mundial. El cultivo de los trigos diploides (AA), aunque aún se da 
en la actualidad, ha quedado reducido a zonas marginales.
Sobre la elaboración del pan, existen evidencias de que mucho antes de 
la domesticación del trigo (25.000-30.000 a.C.) ya se utilizaban semillas silves-
tres para su molienda y presumiblemente la elaboración de algún tipo de pan sin 
fermentar (Aranguren et al., 2007; Revedin et al., 2010). El pan tal y como hoy 
se conoce proviene de la época egipcia, en la que se empezó a utilizar la levadura 
Saccharomyces cerevesiae para la fermentación y esponjamiento de la masa de 
harina. A lo largo de la historia el pan ha tenido y aún sigue teniendo una gran 
importancia cultural y religiosa. Es conocido que tanto en la época egipcia como 
en la romana el pan constituía un símbolo del estatus social, consumiéndose di-
ferentes tipos de pan entre las distintas clases sociales. Cabe destacar la impor-
tancia del pan en la tradición judeo-cristiana, empleándose en algunas de las más 
representativas celebraciones religiosas: el matzá en el caso de la Pascua judía y 
Figura 1. Origen del trigo
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la hostia en la Eucaristía cristiana. 
El uso tan extendido del trigo en la actualidad se explica en parte por su 
alta adaptabilidad a diferentes ambientes y a su alto rendimiento, y también por 
las propiedades biomecánicas exclusivas de la masa que forman las harinas de 
trigo. Estas propiedades de la masa permiten la elaboración de todo tipo de pastas, 
y contribuyen al confinamiento del CO2 durante la fermentación y el crecimiento 
de la masa para dar lugar a productos como pan, bizcochos o magdalenas. Estas 
propiedades dependen de las estructuras y las interacciones que forman las proteí-
nas de almacenamiento del grano, las cuales conforman la fracción denominada 
“gluten” (Shewry et al., 2009). 
Las prolaminas: genética y relación con la calidad
Las proteínas del gluten, también llamadas prolaminas, se clasifican en dos 
fracciones: gluteninas y gliadinas. Aunque las proporciones entre ellas pueden 
variar, las gluteninas generalmente constituyen alrededor del 50% de las proteínas 
del grano y las gliadinas el 30%, lo que hace que las prolaminas representen alrededor 
de un 80% del total de las proteínas del grano de trigo (Shewry et al., 2009). Las 
gluteninas a su vez se clasifican en función de su movilidad electroforética en 
geles de poliacrilamida con dodecil sulfato de sodio (SDS-PAGE) en gluteninas 
de alto peso molecular (gluteninas HMW) con una masa molecular aparente 
de entre 80.000 y 120.000 Da, y gluteninas de bajo peso molecular (gluteninas 
LMW) con masas moleculares entre 30.000 y 50.000 Da (Gianibelli et al., 
2001). Las gluteninas forman complejas estructuras poliméricas estabilizadas por 
puentes bisulfuro intermoleculares, las cuales se encuentran entre las de mayor 
tamaño de la naturaleza, pudiendo alcanzar tamaños moleculares de millones de 
Dalton (Wrigley, 1996). Por su parte las gliadinas se clasifican en tres grupos (α-, 
γ- y ω-gliadinas) atendiendo a su movilidad en geles ácidos de poliacrilamida 
(A-PAGE). Las gliadinas son proteínas que generalmente se encuentran formando 
estructuras monoméricas y carecen de enlaces intermoleculares bisulfuro o bien 
poseen solamente enlaces intramoleculares. Las α- y γ-gliadinas poseen de seis 
a ocho residuos de cisteína, y como resultado pueden formar entre tres y cuatro 
puentes bisulfuro intramoleculares (Kasarda et al., 1984).
Los genes que codifican las gluteninas HMW se encuentran en los loci 
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Glu-1 (Glu-A1, Glu-B1 y Glu-D1), localizados en el brazo largo de los cromo-
somas del grupo homeólogo 1 (Bietz et al., 1975; Payne et al., 1980; Payne et 
al., 1984; Payne et al., 1987a) (Figura 2). Cada locus está formado por dos ge-
nes estrechamente ligados, cada uno de los cuales codifica una subunidad que 
presenta diferente movilidad electroforética, la subunidad tipo-x (más lenta) y la 
subunidad tipo-y (más rápida) (Shewry et al., 1992). Por lo tanto, en teoría el trigo 
hexaploide podría contener 6 tipos diferentes de subunidades de gluteninas HMW. 
Sin embargo, en la mayoría de los cultivares tan solo se expresan de 3 a 5 subu-
nidades debido al silenciamiento de algunos genes. Por su parte, los genes que 
codifican las gluteninas LMW se encuentran en los loci Glu-3 (Glu-A3, Glu-B3 y 
Glu-D3) (Singh y Shepherd, 1988; Gupta y Shepherd, 1990) (Figura 2). Jackson 
et al. (1983) describieron tres grupos de gluteninas LMW basándose en estudios 
previos de movilidad en geles SDS-PAGE, los grupos B y C de LMW descritos 
por Payne y Corfield (1979), y un grupo adicional que denominaron D. Estudios 
posteriores han demostrado que el grupo D está compuesto fundamentalmente 
Figura 2. Diagrama de la situación de los principales loci implicados en la sínte-
sis de proteínas de reserva
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por componentes de ω-gliadinas que han adquirido un residuo de cisteína (Masci 
et al., 1993; Masci et al., 1999) mientras que el grupo C lo componen gluteninas 
LMW con secuencias terminales del tipo de las α- y γ-gliadinas (Masci et al., 
2002). Por su parte, el grupo B comprende la mayoría de las gluteninas LMW 
típicas, aunque también existe una pequeña proporción de LMW con secuencias 
terminales típicas de gliadinas (Tao y Kasarda, 1989; Masci et al., 2002). Las glu-
teninas LMW típicas del grupo B se clasifican en tres tipos diferentes en base a su 
secuencia de aminoácidos N-terminal: LMW-s, LMW-m y LMW-i, en función de 
que el primer aminoácido de la proteína madura sea serina, metionina o isoleuci-
na, respectivamente (Kasarda et al., 1988; Lew et al., 1992; Cloutier et al., 2001). 
Los genes de gliadinas se encuentran estrechamente ligados en loci locali-
zados en los cromosomas de los grupos homeólogos 1 y 6 y se heredan en bloques. 
Las ω- y γ-gliadinas están codificadas por genes que se encuentran agrupados 
en los loci Gli-1 (Gli-A1, Gli-B1 y Gli-D1) del brazo corto de los cromosomas 
del grupo homeólogo 1 (Figura 2), mientras que las α-gliadinas están codificadas 
por genes localizados en los loci Gli-2 (Gli-A2, Gli-B2 y Gli-D2) presentes en 
el brazo corto de los cromosomas del grupo homeólogo 6 (Payne, 1987) (Figura 
2). Los loci Gli-A3 y Gli-B3, localizados en el brazo corto de los cromosomas 
homeólogos 1A y 1B, codifican también parte de las ω-gliadinas (Figura 2). El 
número estimado de genes en trigo harinero que codifican gliadinas se encuentra 
entre 25-150 para las α-gliadinas (Anderson y Greene, 1997), entre 15-18 para las 
ω-gliadinas y entre 17-39 para las γ-gliadinas (Sabelli y Shewry, 1991).
A pesar de ser minoritarias en términos cuantitativos, las gluteninas HMW 
están consideradas por numerosos autores como las principales determinantes de 
la calidad harino-panadera del trigo (Shewry y Halford, 2003) contribuyendo en 
la elasticidad de las masas y promoviendo la formación de largos polímeros de 
gluteninas (Tatham et al., 1985). Se ha demostrado que diferencias alélicas en su 
composición afectan a la formación del polímero de gluten y por tanto a la calidad 
harino-panadera (Payne, 1987; Shewry et al., 2003). Por su parte, las gluteninas 
LMW también influyen, aunque de manera menos significativa, en las propieda-
des reológicas de la masa. Variaciones alélicas en los loci de las LMW también se 
han asociado con diferencias significativas de la calidad harino-panadera de trigo 
(Gupta et al., 1989; Gupta y Macritchie, 1994) y han sido asociadas con la resisten-
cia y extensibilidad de la masa (Metakovsky et al., 1990). Respecto a la fracción de 
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las gliadinas se han descrito correlaciones positivas, negativas y/o no correlaciones 
entre cantidad y tipo de gliadinas, y las propiedades de las harinas en las pruebas de 
funcionalidad (van Lonkhuijsen et al., 1992; Nieto-Taladriz et al., 1994; Khatkar 
et al., 2002a, b). La contribución de gliadinas específicas en las propiedades de la 
harina ha sido muy discutida. Debido a la naturaleza de estas proteínas, codificadas 
por familias de genes que se heredan en bloque, resulta muy complicado explicar 
el papel que desarrolla cada gliadina o grupo de gliadinas individualmente en las 
propiedades de la masa. Además, algunos genes que codifican gluteninas LMW 
se encuentran estrechamente ligados a aquellos que codifican gliadinas, y por lo 
tanto los efectos que se le atribuyen a las gliadinas se pueden deber en ocasiones a 
las gluteninas LMW (Payne et al., 1987b). Por lo general las gliadinas se asocian 
con la extensibilidad y viscosidad de las masas, y se han descrito efectos positivos 
sobre el volumen de pan (Hoseney et al., 1969a, b). 
Síntesis y acumulación de proteínas. Los cuerpos proteicos
La síntesis de las proteínas del gluten (gliadinas y gluteninas) se produce en 
los polirribosomas del retículo endoplasmático rugoso (RER). Posteriormente, 
se produce el transporte, deposición y acumulación de las mismas en los 
cuerpos proteicos del RER y las vacuolas. Se piensa que la acumulación de las 
proteínas en uno u otro orgánulo depende de las propiedades de las proteínas 
mismas (principalmente su insolubilidad en solventes acuosos) y también del 
estado de desarrollo en el que se encuentra el endospermo (Tosi et al., 2009). 
Rubin (1992) describió la presencia de dos tipos de cuerpos proteicos: de baja 
densidad y de alta densidad, observando que en estadios tempranos de desarrollo 
del grano la mayoría de las gliadinas se transportaban desde el RER hacia las 
vacuolas formando cuerpos proteicos de baja densidad mientras que el sobrante 
de gliadinas se agregaban en los cuerpos proteicos densos del RER. Por otra parte, 
sugería que las subunidades de HMW, y posiblemente las de LMW, se agregaban 
en su mayoría en el RER formando los cuerpos proteicos densos junto con algunas 
gliadinas. Shewry (1999) sugirió que la capacidad de las gluteninas de formar 
agregados insolubles podría ser la responsable de su acumulación en los cuerpos 
proteicos del RER, frente a la mejor movilidad de las gliadinas monoméricas, 
que son más fácilmente transportables y se acumulan fundamentalmente en los 
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cuerpos proteicos de las vacuolas. Sin embargo, los mecanismos que determinan 
si las proteínas del gluten son transportadas a las vacuolas o bien se almacenan en 
el RER no están aún claros. 
La enfermedad celíaca
Las proteínas del gluten, y especialmente las gliadinas, se encuentran estrecha-
mente asociadas con el desarrollo de la enfermedad celíaca (EC), una enteropatía 
inducida por la ingesta de proteínas de gluten de trigo o proteínas similares de 
cebada y centeno. La EC consiste en una inflamación del intestino delgado que 
provoca una malabsorción de los nutrientes. A pesar de que es una enfermedad 
ampliamente extendida, tiene una mayor incidencia (en torno al 1% de la pobla-
ción) en países occidentales (West et al., 2003; Wieser y Koehler, 2008). La en-
fermedad presenta una etiología multifactorial compleja (Schuppan, 2000; Sollid, 
2000), con una fuerte componente ambiental (derivada de la ingesta de proteínas 
de trigo, cebada o centeno) y también una fuerte componente genética con la ma-
yoría de los enfermos presentando una variante del antígeno leucocitario humano 
(HLA)-DQ2 o el HLA-DQ8 (en los pocos pacientes que presentan esta molécula) 
(Sollid, 2002). La formación de las lesiones en el intestino delgado se caracteriza 
por una inflamación crónica de la mucosa intestinal que puede resultar en atrofia 
de las vellosidades intestinales, malabsorción y toda una serie de manifestaciones 
clínicas. El desarrollo de la EC implica la activación de células T CD4+ (del inglés 
“cluster of differentiation 4”) reactivas al gluten que reaccionan ante los péptidos 
particulares del gluten reconocidos por los HLA-DQ2 (o HLA-DQ8). Estas célu-
las T CD4+ se localizan de manera exclusiva en los pacientes celíacos, pero no en 
los sanos (Lundin et al., 1993; Molberg et al., 1997), y producen una respuesta 
autoinmune mediante la liberación de citocinas. Éstas, además de incrementar 
el número de células del sistema inmunitario en la mucosa intestinal y el grado 
de activación, regulan la actividad de los factores de crecimiento epitelial y de 
las metaloproteinasas, moléculas encargadas de mantener y renovar la estructura 
de la mucosa, que en situaciones de inflamación provocan la lesión intestinal. 
Aunque existe un número de epítopos derivados de gluteninas (Molberg et al., 
2003), la mayoría de los epítopos tóxicos proceden de gliadinas (Arentz-Hansen 
et al., 2000; Arentz-Hansen et al., 2002). Además se sabe que la mayoría de los 
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péptidos son más fácilmente reconocidos tras la conversión de ciertos residuos 
de glutamina a glutamato mediante la acción de la enzima transglutaminasa 2 
(TG2), posiblemente por la introducción de residuos cargados negativamente en 
el péptido de gliadinas lo que incrementa la afinidad de los péptidos por el HLA-
DQ2 (Quarsten et al., 1999; Arentz-Hansen et al., 2000). Las lesiones intestinales 
producidas en los enfermos celíacos pueden provocar malabsorción y toda una 
serie de complicaciones derivadas como son anemia, intolerancia a la lactosa, 
amenorrea, infertilidad, abortos repetidos, depresión, ansiedad, elevados niveles 
de enzimas hepáticas, etc… (Green et al., 2001). Sin embargo, la complicación 
más severa de la EC es la aparición de cáncer. Los adultos celíacos tienen el triple 
de probabilidad de padecer linfoma no Hodgkin que los individuos sanos. Ade-
más tienen un riesgo mayor de padecer otros tipos de cáncer gastrointestinales, 
especialmente adenocarcinoma del intestino delgado, de la faringe y del esófago 
(Catassi et al., 2005). El único tratamiento posible para la EC es una dieta libre de 
gluten de por vida, lo cual implica una gran dificultad y empeora sensiblemente 
la calidad de vida de estos pacientes, ya que además de estar contenido en todos 
los productos derivados de trigo, cebada y centeno, el gluten es un aditivo común-
mente utilizado en la industria alimenticia.
Desarrollo de líneas de trigo libres de gluten
La posibilidad de desarrollar trigo que carezca de los péptidos tóxicos que desen-
cadenan la EC ha sido largamente discutida durante años, aunque debido a la gran 
dificultad que esto conlleva los resultados obtenidos no han sido satisfactorios 
(Shewry, 2009). A esto hay que unir que, además de en las gliadinas (Arentz-
Hansen et al., 2000; Arentz-Hansen et al., 2002), se han descrito epítopos tóxicos 
también en gluteninas HMW  (Molberg et al., 2003). Distintas estrategias se han 
seguido con el fin de obtener variedades de trigo con reducidos niveles de toxi-
cidad, entre las que destacan las técnicas clásicas de Mejora, las delecciones cro-
mosómicas, la mutagénesis y la transformación genética. Spaenij et al. (2005) y 
van Herpen et al. (2006) analizaron secuencias de gliadinas en las bases de datos 
en busca de epítopos relacionados con la EC, identificando formas de gliadinas 
con pocos o ningún epítopo tóxico. Spaenij et al. (2005) además analizaron una 
colección de diferentes especies de trigo (diploides, tetraploides y hexaploides) 
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concluyendo que existe la suficiente variabilidad en la cantidad de secuencias 
estimulantes de las células T en trigo como para posibilitar la selección de líneas 
con un bajo contenido de estos epítopos mediante Mejora clásica. Sin embargo, 
agrupar todos los genes que codifican estos epítopos no tóxicos en variedades con 
buenas aptitudes comerciales, sustituyendo los genes de gliadinas de las mismas 
es una tarea que se plantea complicada, si no imposible. 
La mutagénesis ha sido muy utilizada en la Mejora genética de multitud 
de especies y es una técnica que se muestra muy efectiva cuando se trata de genes 
de copia única. Sin embargo, presenta una gran dificultad cuando el objetivo es 
mutar un grupo complejo de genes, como es el caso de los genes de las gliadinas 
de trigo que se localizan en cromosomas homeólogos y se heredan en bloques 
(Travella et al., 2006). Además, la mutación específica de un gen se podría ver 
enmascarada por la expresión de sus homeólogos presentes en los otros genomas. 
Esta limitación se podría superar produciendo dobles o triples mutantes, aunque 
este proceso sería largo y tedioso (Fu y Sapirstein, 1996). 
Según van den Broeck et al. (2009) la utilización de líneas de delección de 
los brazos cortos de los cromosomas 1D y 6D podría dar lugar a líneas de trigo con 
menor contenido de péptidos estimulantes de las células T. En un trabajo posterior 
estos mismos autores (van den Broeck et al., 2011) determinaron que la delección 
del locus Gli-D2 del brazo corto del cromosoma 6D, que contiene los genes de 
las α-gliadinas, además de reducir significativamente el contenido en epítopos 
relacionados con la EC producía un efecto positivo en la calidad harino-panadera. 
Sin embargo, aunque las delecciones cromosómicas se muestran muy efectivas 
cuando el objetivo es un grupo de genes estrechamente ligados, éstas implican 
la eliminación de partes del genoma que pueden ser vitales en el metabolismo 
normal de la planta. 
El silenciamiento génico mediado por el ARN de interferencia (ARNi) 
produce un silenciamiento muy específico de familias de multigenes y genes 
homeólogos en poliploides (Travella et al., 2006). Esta técnica ya ha sido utilizada 
con éxito en el silenciamiento de familias de genes en cereales, como la familia 
de genes OsRac (Miki et al., 2005) y la familia de genes pfam (PF02458) en 
arroz (Pistón et al., 2010), y las α-gliadinas en trigo (Becker et al., 2006).  El 
ARNi está basado en un silenciamiento génico postranscripcional (SGPT) 
desencadenado por ARN de doble cadena (ARNdc) que produce el silenciamiento 
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génico específico. El silenciamiento génico mediado por ARN fue inicialmente 
observado en plantas (Jorgensen et al., 1996; Meyer y Saedler, 1996) y aunque 
en un principio se pensó que formaba parte sólo del mecanismo defensivo de las 
plantas contra virus, posteriormente se ha observado que también está implicado 
en la protección del genoma frente transposones y en la regulación de la expresión 
génica. Además se ha demostrado que el silenciamiento de ARN funciona de 
manera natural en al menos tres niveles diferentes en las plantas (Baulcombe, 
2004): 1) silenciamiento citoplásmico mediante destrucción del ARN mensajero 
(ARNm) mediado por ARNdc, que se conoce como silenciamiento post-
transcripcional (SGPT), 2) silenciamiento de los ARNm endógenos por parte de la 
planta mediante microARN, actuando como mecanismo endógeno de regulación 
de la expresión génica y 3) silenciamiento de ARN asociado a la metilación de 
sitios específicos del ADN que provoca un silenciamiento génico transcripcional. 
Baulcombe (2004) propuso la existencia de un origen común a los tres tipos de 
silenciamiento ya que existen ejemplos de los tres tipos en animales, hongos y 
plantas. A estos tres niveles de silenciamiento génico mediados por ARNi hay que 
añadir el SGPT nuclear. Recientemente, Hoffer et al. (2011) demostraron que la 
degradación del ARN dirigida por ARNdc puede suceder también en el núcleo; 
para ello silenciaron la expresión de la enzima FAD2-1 utilizando la secuencia de 
un intrón como secuencia diana, lo que provocó la degradación del ARN inmaduro 
nuclear.  
En todos estos tipos de silenciamiento mediado por ARN existe un ele-
mento común que lo desencadena, el ARNdc, el cual es reconocido por la ribonu-
cleasa Dicer que lo corta dando lugar a pequeños fragmentos (21-25 nucleótidos) 
de ARNdc (Bernstein et al., 2001; Knight y Bass, 2001) (Figura 3). Una de las 
cadenas que forman fragmentos cortos de ARNdc, denominados siRNA (del in-
glés “small interfering RNA”), es incorporada a un complejo ribonucleoproteico 
llamado RISC (del inglés “RNA-induced silencing complex”) (Martinez et al., 
2002; Schwarz et al., 2002; Ambros et al., 2003) (Figura 3). El componente siR-
NA guía el complejo RISC hacia los ARNm que contienen una secuencia homólo-
ga en antisentido, resultando en el corte de la cadena de ARNm y su degradación 
(Martínez et al., 2002; Schwarz et al., 2002) (Figura 3).
En la actualidad, una de las técnicas más utilizadas de silenciamiento 
mediante ARNi está basada en los vectores en bucle o “hairpin” (vectores hpRNA). 
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Estos vectores se componen de 1) un promotor y 2) una región terminadora, entre 
los cuales se inserta 3) una secuencia del gen a silenciar en sentido y antisentido 
separada por 4) una secuencia espaciadora (Figura 3). Estos vectores dan lugar 
a estructuras de ARNdc que desencadenan el proceso de silenciamiento post-
transcripcional descrito anteriormente. El uso de un promotor específico cuya 
expresión coincida con la del gen a silenciar es muy deseable porque se evita la 
expresión innecesaria del transgén en todos los tejidos y estadios de la planta. Cabe 
destacar los promotores específicos de endospermo que dirigen la expresión de las 
hordeínas D de cebada, análogos a las gluteninas HMW de trigo (Pistón et al., 
2008) y los que dirigen la expresión de las γ-gliadinas de trigo (Pistón et al., 2009). 
La expresión de transgenes utilizando estos promotores tiene múltiples ventajas 
ya que se expresan de manera simultánea tanto en espacio como en tiempo con las 
gliadinas y demás proteínas de almacenamiento, solapando por tanto la expresión 
Figura 3. Mecanismo del silenciamiento post-transcripcional mediado 




del transgén y de los genes a silenciar. Estos promotores han proporcionado una 
expresión fuerte y estable, por lo que su uso para el silenciamiento de las gliadinas 
es muy aconsejable. Los fragmentos sentido y antisentido del gen a silenciar han 
mostrado ser estables y efectivos para tamaños de entre 100 y 850 pares de bases 
(pb) (Wesley et al., 2001). Por otra parte se ha demostrado que el uso de intrones 
como región espaciadora potencia el silenciamiento respecto al uso de otras 
secuencias (Smith et al., 2000). La secuencia del intrón proporciona estabilidad al 





1. Silenciamiento específico mediante ARN de interferencia de las 
γ-gliadinas de trigo que contienen epítopos relacionados con la enfermedad 
celíaca. Determinación del nivel de reactividad en células T derivadas de enfermos 
celíacos y evaluación de las propiedades tecnológicas de las harinas de las líneas 
transgénicas obtenidas.
2. Silenciamiento basado en el ARN de interferencia de las gliadinas 
de trigo pertenecientes a los tres grupos de gliadinas (α-, ω-, y γ-gliadinas) para 
obtener líneas transgénicas con niveles muy reducidos de epítopos responsables 
de la enfermedad celíaca. Determinación del nivel de reactividad en células T 
derivadas de  enfermos celíacos.
3. Efecto del silenciamiento de las gliadinas de trigo harinero sobre la 
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El silenciamiento de ARN es un sistema específico de degradación de secuencias 
de ARN que se encuentra conservado en multitud de organismos. La elucidación 
del mecanismo de silenciamiento de ARN ha estimulado su uso como herramienta 
en genética inversa, ya que reduce fuertemente la expresión del gen diana en una 
forma específica. La fracción de proteína más importante del grano de trigo es el 
gluten, responsable en gran medida de las propiedades funcionales de la masa. Las 
gliadinas contribuyen fundamentalmente a la extensibilidad y la viscosidad del 
gluten y la masa, mientras que las gluteninas son responsables de la elasticidad. El 
objetivo de este trabajo era por tanto silenciar la expresión de γ-gliadinas especí-
ficas mediante ARN de interferencia, y demostrar la viabilidad del silenciamiento 
sistemático de grupos de proteínas del gluten. La secuencia de un gen de una 
γ-gliadina fue usada para la construcción del plásmido pghpg8.1. El fragmento de 
silenciamiento hpRNA se diseñó en base a una secuencia en sentido y antisentido 
de 169 pares de bases (pb), separadas por la secuencia del intrón Ubi1 como re-
gión espaciadora. Se utilizaron dos líneas de trigo harinero para la transformación 
mediante bombardeo de micropartículas. Las gliadinas fueron extraídas de 30 mg 
de harina, separadas en geles ácidos de poliacrilamida (A-PAGE), y determinadas 
mediante MALDI-TOF MS (del inglés “matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry”). Se obtuvieron siete líneas transgénicas. 
Todas ellas mostraron niveles reducidos de γ-gliadinas, las plantas fueron total-
mente fértiles, y los granos mostraron un peso y una morfología comparables a las 
líneas control. El MALDI-TOF MS mostró la desaparición,  respecto a las líneas 
no transformadas, de seis picos en las líneas transgénicas del genotipo BW208 
y tres picos en las del genotipo BW2003. Además, la proporción de γ-gliadinas 
se redujo entre el 55-80% en las líneas BW208 y entre el 33-43% en las líneas 
BW2003. Por su parte, el ensayo ELISA basado en el anticuerpo R5 mostró re-
ducciones del total de gliadinas (μg/mg flour) en tres de las líneas BW208 y una 
de las BW2003, mientras que en una de las BW208 (C613) el contenido total de 
gliadinas se vio incrementado.




RNA silencing is a sequence-specific RNA degradation system that is conserved 
in a wide range of organisms. The elucidation of the mechanism of RNA silencing 
has stimulated its use as a reverse genetics tool, because RNA silencing strongly 
down-regulates the expression of the target gene in a sequence-specific manner. The 
major protein fraction of wheat grain is gluten, which is largely responsible for the 
functional properties of dough. Gliadins contribute mainly to the extensibility and 
viscosity of gluten and dough, with the polymeric glutenins being responsible for 
elasticity. The aim of this work was therefore to silence the expression of specific 
γ-gliadins by RNA interference, to demonstrate the feasibility of systematically 
silencing specific groups of gluten proteins. The sequence of a γ-gliadin gene 
was used to construct the pghp8.1 plasmid. The hpRNA silencing fragment was 
designed on the basis of 169 base pairs (bp) in sense and antisense orientation 
with the sequence of the Ubi1 intron as spacer region between the repeats. Two 
lines of bread wheat were transformed by particle bombardment. Gliadins were 
extracted from 30 mg of flour, separated by acid-PAGE, and determined by matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS). Seven transgenic lines were obtained and all of them showed reduced 
levels of γ-gliadins. All seven transgenic plants were fully fertile and their grain 
morphology and seed weight were comparable to the control lines. MALDI-TOF 
MS showed that six peaks, present in the untransformed line, were missing in 
transgenic lines of the BW208 genotype, whereas three peaks were missing in the 
BW2003 genotypes. The proportion of γ-gliadins was reduced, by about 55–80% 
in the BW208 lines and by about 33–43% in the BW2003 lines. The ELISA assay 
based on the R5 antibody showed reductions in total gliadins (μg/mg flour) in 
three of the BW208 lines and in one BW2003 line, but an increase in one BW208 
line (C613).
Keywords: RNA interference; gliadins; wheat
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RNA silencing is a sequence-specific RNA degradation system that is conserved in 
a wide range of organisms, and termed post-transcriptional gene silencing (PTGS) 
and RNA interference (RNAi), in plants and animals, respectively. RNAi is a post-
transcriptional process triggered by double-stranded RNA (dsRNA) which leads 
to gene silencing via a two step mechanism. In the first step, the dsRNA silencing 
trigger is recognized by an RNase termed Dicer (Bernstein et al., 2001), which 
cleaves the dsRNA into 21-23 nucleotides (nt) termed short interfering RNA (siR-
NAs). These siRNAs are then incorporated into an RNA-induced silencing com-
plex (RISC) (Hammond et al., 2000), which identifies substrates through their 
homology to siRNA and targets the equivalent mRNAs for destruction. In plants, 
RNA silencing plays a role in defence against mobile genetic elements, such as 
viruses and transposons (Vance and Vaucheret, 2001; Waterhouse et al., 2001; 
Roth et al., 2004). 
The elucidation of the mechanism of RNA silencing has stimulated its 
use as a reverse genetics tool, because RNA silencing strongly down-regulates the 
expression of the target gene in a sequence-specific manner. Most current RNAi 
technology is based  on hairpin RNA (hpRNA) vectors, which are composed of a 
promoter and terminator between which an inversely-repeated sequence (150-800 
bp) of the target gene is inserted, with a spacer region between the repeats. The 
RNA transcribed from such a transgene hybridizes with itself to form a hairpin 
structure, with a base-paired stem encoded by the inverted repeats. This stem ap-
pears to be used as substrate for the generation of the 21-23 nt siRNA. The first 
study of gene silencing via dsRNA-triggered RNAi technology in plants reported 
the efficient silencing of flower identity genes (Chuang and Meyerowitz, 2000). 
The caffeine content in coffee plants has also been reduced by RNAi-mediated 
suppression of the caffeine synthase gene (Ogita et al., 2003) while a similar ap-
proach has been used in cotton to downregulate two key fatty acid desaturase 
genes, leading to the development of nutritionally-enhanced lines containing oils 
high in oleic and stearic acids (Liu et al., 2002). This approach is being used in 
wheat for functional characterisation of genes in relation to the improvement of 
important agronomic traits (see review of Fu et al, 2007).
The wheat grain is widely consumed and therefore major research efforts 
have focused on modifying grain composition to improve its quality for process-
ing and for the nutrition of humans and livestock. The major protein fraction of 
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wheat grain is gluten which is largely responsible for the functional properties of 
dough. However, gluten is not a single protein but a complex mixture of compo-
nents with the monomeric gliadins accounting for about 50% of the gluten pro-
teins. The gliadins are classified into three groups (alpha/beta, gamma and omega) 
on the basis of their electrophoretic mobility in acidic polyacrylamide gel elec-
trophoresis (A-PAGE) (Metakovsky et al., 1984). It is generally accepted that 
gliadins contribute mainly to the extensibility and viscosity of gluten and dough, 
with the polymeric glutenins being responsible for elasticity. However, because 
the gliadins are encoded by large multigene families and inherited in blocks, the 
roles of individual components are not well understood (Fido et al., 1997). 
Gliadins are also associated with the development of coeliac disease, a 
food-sensitive enteropathy caused by the ingestion of gluten proteins. There is 
also clear evidence that α- and γ-gliadins contain clusters of epitopes that are ac-
tive in coeliac disease (Arentz-Hansen et al., 2000; Shan et al., 2002). The down-
regulation of specific individual gliadins or groups of gliadins may therefore be 
of interest in relation to determining their role in both grain processing properties 
and in triggering coeliac disease. The aim of this work was therefore to silence 
the expression of specific γ-gliadins by hpRNA, to demonstrate the feasibility of 
systematically silencing specific groups of gluten proteins.
The sequence of a γ-gliadin gene (accession number AY338388) was used 
to construct the pghp8.1 plasmid (Fig. 1). The hpRNA silencing fragment was de-
signed on the basis of 169 base pairs (bp) in sense and antisense orientation with 
Fig. 1. Structure of the pghp8.1 plasmid containing the hpRNA fragment used 
for silencing of γ-gliadins
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the sequence of the Ubi1 intron as spacer region between the repeats (Fig. 1). The 
resulting 1387 bp was synthesized as a full fragment by Entelechon GmbH (Re-
gensburg, Germany) and inserted downstream a D-hordein promoter. The pghp8.1 
plasmid was used in combination with plasmid pAHC20 (Christensen and Quail, 
1996), which contains the selectable bar gene. Caryopses of two lines of the bread 
wheat cultivar ‘Bobwhite’, termed BW2003 and BW208, were harvested and 
scutellar explants isolated and transformed by particle bombardment as described 
by Barcelo and Lazzeri (1995). Media, in vitro culture, and plant regeneration 
were as in Barro et al. (1998).
Seeds of the T1 plants were crushed into a fine powder and used to extract 
the endosperm storage proteins. Gliadins were extracted from 30 mg of flour and 
homogenized in 150 µl of 60% (v/v) aqueous ethanol using a rotary shaker for 
40 min. Samples were centrifuged at 13,000 g for 5 min and the supernatant col-
lected. Gliadin fractions were separated by acid-PAGE (Khan et al., 1985). The 
gliadins were determined by matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS) as described (Hernando et al., 2003). 
To 5 µl of the aqueous ethanol extract was added 25 µl of saturated sinapinic acid 
in 33% (v/v) aqueous acetonitrile containing 0.1% (v/v) trifluoroacetic acid (TFA) 
used as a matrix solution. A 1.5 µl volume of sample-matrix mixture was placed 
on a 100-sample stainless-steel probe and allowed to dry at room temperature for 
5 min. Samples were measured on a PE Biosystems MALDI-TOF Voyager DE-
PRO instrument. Mass spectra were recorded in the linear positive mode at an 
acceleration voltage of 25 kV and 700 ns delay time by accumulating 250 spectra 
of single laser shots. Identification of α-, β-, γ- and ω- gliadins by MALDI-TOF 
MS showed characteristic protonated mass patterns around 30-55 kDa (Camafeita 
et al., 1997). An ELISA system based on an R5 monoclonal antibody (Valdes et 
al., 2003) was used to quantify total gliadins. 
The γ-gliadin sequence AY338388 was selected as a basis for construct-
ing the RNAi plasmid as this sequence shows high transcripts levels in bread 
wheat (Pistón et al., 2006). This sequence has an ORF length of 936 bp and a 169 
bp fragment was designed from position 666 to 835. Most previous studies with 
hpRNA constructs have used strong constitutive promoters (Helliwell and Water-
house, 2005). However, the constitutive expression of dsRNA or hpRNA often 
leads to unexpected adverse effects on plant growth and development (Tang and 
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Galili, 2004). In this work, the expression of the hpRNAs was driven by a D hor-
dein endosperm promoter which is expressed only in the developing starchy en-
dosperm of transgenic wheat (Pistón et al. 2008). A total of seven transgenic lines 
containing the pghp8.1 construct were obtained and analyzed by A-PAGE gels 
and MALDI-TOF (Figs. 2 and 3). All seven transgenic plants were fully fertile 
and their grain morphology and seed weight were comparable to the control lines. 
All of them showed reduced levels of γ-gliadins. A-PAGE showed that at least two 
major bands were clearly targeted in line BW208. However, more detailed analy-
ses using MALDI-TOF MS showed that six peaks, present in the untransformed 
line, were missing in transgenic lines of the BW208 genotype (Fig. 2) whereas 
three peaks were missing in the BW2003 genotypes (Fig. 3). Some of these peaks 
had similar masses (indicated in the Figs. 2 and 3) suggesting that they may have 
co-migrated in the A-PAGE separations, for example the peaks of 35,148 Da and 
35,529 Da and of 39,010 Da and 39,220 Da in BW208. 
             As a result of this silencing the proportion of γ-gliadins was reduced, by 
about 55-80% in the BW208 lines and by about 33-43% in the BW203 lines (Table 
1). The greater reduction in the four transgenic BW208 lines was also consistent 
Fig. 2. Left, A-PAGE gel of the four transgenic lines of the BW208 genotype. Right, MAL-
DI-TOF mass spectra of wheat gliadins from untransformed BW208 line and the transgenic 


















































































































































































































































































































































































































































































































































with the fact that a greater number of peaks were silenced in this genotype. A 
similar aproach has been used to silence α-gliadins in bread wheat, leading to 63% 
of reduction in the α-gliadin content and increased dough strength but slightly 
decreased loaf volume (Becker et al., 2006; Wieser et al., 20006). Total gliadins 
were also quantified using an ELISA system based on the R5 antibody. This 
antibody recognises the peptide QQPFP present in most gliadins and it is used for 
detection of gliadins in gluten free foods. This assay showed reductions in total 
gliadins (µg/mg flour) in three of the BW208 lines and in one BW2003 line, but 
an increase in one BW208 line (C613). The silencing was also stably transmitted 
to next (T3) generation in all transgenic lines (not shown). 
This work demonstrates that RNAi technology can be used to down-regu-
late groups of proteins encoded by multigene families, such as gliadins and glute-
nins. Such material is ideal for elucidating the roles of specific groups of proteins 
in determining the functional properties of flours and their relative activities in 
triggering coeliac disease.      
Fig. 3. Left, A-PAGE gel of the three transgenic lines of the BW2003 genotype. Right, MALDI-
TOF mass spectra of wheat gliadins from untransformed BW2003 line and the transgenic line 
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Resumen
La contribución de las gliadinas en las propiedades panaderas del trigo ha sido 
ampliamente discutida. En el presente estudio se describen las propiedades de 
las harinas de quince líneas transgénicas de trigo con reducción de las γ-gliadinas 
mediante ARNi. Las propiedades tecnológicas se determinaron mediante el test de 
sedimentación dodecil sulfato de sodio (SDSS), y las propiedades reológicas se 
caracterizaron durante la mezcla mediante el Mixolab®. Se observaron cambios 
en las proporciones de las proteínas del gluten en las líneas transgénicas, con 
incrementos significativos de las gluteninas. Estos cambios no afectaron a los 
resultados del test SDSS. Sin embargo, la fuerza de la harina estimada mediante 
el Mixolab® se redujo en algunas líneas transgénicas. También se observaron 
cambios en el comportamiento del almidón de las líneas transgénicas, en las que 
se observaron valores reducidos de par (Nm) en los puntos C3, C4 y C5 de la 
curva del Mixolab®. Los resultados descritos en el presente estudio tienen una 
gran importancia para comprender el papel que desarrollan las γ-gliadinas en la 
calidad harino-panadera de las harinas.





The contribution of gliadins to the baking performance of wheat has been widely 
discussed. In the present study we report the properties of the flours of fifteen 
transgenic lines of wheat with γ-gliadins suppressed by RNAi. Technological 
properties were assessed by sodium dodecyl sulfate sedimentation (SDSS) test, 
and rheological properties were characterized during mixing using the Mixolab®. 
Changes in the proportions of gluten proteins, with significant increases of gluten-
ins, were observed in transgenic lines. These changes did not affect the SDSS test. 
The dough strength of some transgenic lines was reduced as determined by the 
Mixolab®. Changes in the starch behaviour were also observed in the transgenic 
lines, in which lower values of torque were observed at the C3, C4 and C5 points 
of the mixing curve. The results reported here are important in understanding the 
role of γ-gliadins in the bread-making quality of flours. 
Keywords: Wheat, gliadins, gluten proteins, dough quality, bread-making qual-
ity, RNAi, Mixolab.
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Introduction
Dough formed from wheat flours possesses unique biomechanical properties, 
which allow it to be processed into pasta and noodles, and which contribute to the 
retention of carbon dioxide during fermentation causing expansion of the dough 
to give leavened bread. These properties depend on the structures and interactions 
of the grain storage proteins, which together form the ‘gluten’ protein fraction 
(Shewry et al., 2009). Wheat gluten proteins account for about 80% of the total 
grain proteins in typical European wheats (Shewry, 2009) and are classified into 
two protein families: glutenins and gliadins. The glutenins consist of two differ-
ent subunits, the high molecular weight (HMW) and the low molecular weight 
(LMW) types. Glutenins form complex polymers stabilized by inter-chain disul-
fide bonds and are mainly related with dough elasticity. The gliadins are classed 
into three structural types: α-, γ- and ω-gliadins. They are monomeric components 
that either lack inter-chain disulfide bonds or contain only intra-chain bonds, and 
they contribute mainly to the extensibility and viscosity of dough (Shewry and 
Halford, 2003). Some authors have suggested that the HMW glutenins are major 
determinants of bread quality as they are encoded by single genes and allelic dif-
ferences in the HMW composition influences the structure and properties of the 
glutenin polymers (Payne, 1987; Shewry et al., 1989). The functional properties 
of individual HMW glutenin subunits were further confirmed by genetic trans-
formation with HMW genes (Altpeter et al., 1996; Barro et al., 2003; Barro et 
al., 1997; Blechl et al., 2007; León et al., 2009). Although gliadins are related to 
loaf volume (Hoseney et al., 1969; Weegels et al., 1994), the roles of individual 
gliadins are not well understood (Fido et al., 1997) as they are encoded by large 
multigene families and inherited in blocks. In addition, LMW glutenin subunit 
genes are linked to some gliadin genes, so that the effects of gliadins on qual-
ity are difficult to interpret (Payne et al., 1987). The purification and addition of 
individual groups of gliadins to flours provided contradictory indications of their 
contribution to dough quality (Branlard and Dardevet, 1985; Khatkar et al., 2002; 
MacRitchie, 1987), and negative, positive and/or no correlations were reported 
between amounts and types of gliadins, and functionality of wheat flours in func-
tional tests (Khatkar et al., 2002; Nieto-Taladriz et al., 1994; van Lonkhuijsen et 
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al., 1992). Likewise, the effects of the isolation of gliadins and the incorporation 
procedures used on technological properties have to be considered since they may 
alter the native conformational structures of the proteins (Weegels et al., 1994). 
Van den Broeck et al. (2009) evaluated the technological properties of bread wheat 
deletion lines and reported that deletions of the α-gliadin locus in the short arm 
of chromosome 6D resulted in a significant decrease in technological properties, 
whereas deletions in the short arm of chromosome 1D (ω-gliadin, γ-gliadin and 
LMW loci) maintained technological properties. However, chromosome deletions 
that successfully remove groups of genes linked in clusters, also remove parts of 
the genome that may have important implications in the normal metabolism of the 
plant and/or in the regulation of other genes. 
RNAi-mediated gene silencing is a very useful tool for studying gene 
function as it allows the specific silencing of genes or gene clusters in polyploid 
species (Lawrence and Pikaard, 2003; Miki et al., 2005; Travella et al., 2006). 
Using this technology the contents of α-gliadins (Becker et al., 2006), γ-gliadins 
(Gil-Humanes et al., 2008) and all α-, γ- and ω-gliadins (Gil-Humanes et al., 
2010) were strongly down-regulated in bread wheat. As a result, the gluten pro-
tein content and the proportions of protein fractions in the grain were significantly 
altered. The silencing of α-gliadins in bread wheat, leading to 63% reduction in 
the α-gliadin content, resulted in increased dough strength but slightly decreased 
loaf volume (Wieser et al., 2006), whereas the silencing of the γ-gliadins slightly 
increased the SDS sedimentation volume (Gil-Humanes et al., 2010) in few wheat 
lines. However, more detailed studies are required to understand the effect that 
the specific silencing of groups of gliadins has on the rheological and functional 
properties of bread wheat. 
The Mixolab® is an instrument that can be used to characterize the rheo-
logical behavior of dough subjected to a dual mixing and temperature constraint. 
It allows the measurement of important physical dough properties, like dough de-
velopment time and stability, and pasting properties of starch in actual doughs, all 
of these parameters being indicators of quality and potential end-use in products. 
Although the Mixolab® is a relatively new instrument it has been already used in 
research works to determine the quality of wheat flours to elaborate bread (Col-
lar et al., 2007; Marco and Rosell, 2008; Rosell et al., 2009; Rosell et al., 2010), 
cakes (Kahraman et al., 2008), cookies (Ozturk et al., 2008); and also to assess the 
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quality of flours derived from other cereals such as rice (Torbica et al., 2010), rye 
(Banu et al., 2010) and oat (Huang et al., 2010). The Mixolab® has been success-
fully compared with traditional methods for determining dough quality like Fari-
nograph, Extensograph, Amylograph, Falling Number and Rapid Visco-Analyser 
(RVA), providing good predictors for all the parameters measured with these tra-
ditional methods (Cato and Mills, 2008; Codina et al., 2010; Koksel et al., 2009). 
In the present study we report the technological properties of fifteen trans-
genic lines of bread wheat with the γ-gliadins down-regulated by RNAi (Gil-Hu-
manes et al., 2008; Gil-Humanes et al., 2010). The technological properties of 
the flours of the transgenic lines were determined by the sodium-dodecyl sulfate 
sedimentation (SDSS) test and by using the Mixolab®. The results have been 
studied, along with the chemical composition of the flour, to analyze the influence 
of γ-gliadins silencing on the bread-making quality. The results reported here are 
important to help our understanding of the role of γ-gliadins on the bread-making 
quality of flours and the effects of the gliadin gene down-regulation and the modi-
fication of the gluten protein synthesis. 
Materials and methods
Plant material
Eight transgenic lines of T. aestivum cv ‘Bobwhite 208’ (BW208) and seven trans-
genic lines of T. aestivum cv ‘Bobwhite 2003’ (BW2003) with reduced levels of 
γ-gliadins, and the corresponding wild-type lines, were used in this study. Line 
BW2003 was found to carry the T1BL.1RS translocation. All transgenic lines 
were previously reported or obtained as described by Gil-Humanes et al. (2008; 
2010) using two hairpin RNA (hpRNA) vectors: the pghpg8.1 vector containing 
the D-hordein promoter (Pistón et al., 2008) and the pGghpg8.1 vector harboring 
the γ-gliadin promoter (Pistón et al., 2009). Lines A1152, A1158, C655, C657, 
D445, D623, C217 and D598 contained the pghpg8.1 vector, and lines D577, 
D682, D715, D716, D815, 22A and 22C contained the pGhpg8.1 vector. Trans-
genic lines were self-pollinated for four generations to obtain homozygous plants 
and assayed as described below. 
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Polyacrylamide gel electrophoresis analysis
Mature seeds were crushed into a fine powder and used to extract the endosperm 
storage proteins. Gliadins were extracted from 40 to 100 mg of flour with a 5:1 (µl 
mg-1 flour) ratio solution of 1.5 M N,N-Dimethylformamide, 20% (w/v) sucrose 
for 45 min at room temperature (RT) with shaking. Samples were centrifuged for 
20 min at 13,000 x g. and supernatants loaded and separated in A-PAGE gels for 
1 h 15 min at 15 ºC and 40 mA per gel. Gel composition was as described in Khan 
et al. (1985) with some minor modifications: 3.8 x 10-4 ferrous sulfate instead 2.1 
x 10-4 and 0.125% (w/v) aluminum lactate instead of sodium lactate. Pellets from 
the previous step were washed two times with a 50% (v/v) aqueous 1-propanol 
solution during 30 min at 60 ºC, and centrifuged for 10 min at 13,000 x g. Super-
natants were discarded and glutenins extracted with a 5:1 (µl mg-1 flour) ratio so-
lution of 0.08 M TRIS-HCl, pH 8.5, 50% (v/v) 1-propanol, 2% (w/v) dithiothreitol 
(DTT) during 30 min at 60 ºC with vortexing. Samples were centrifuged for 10 
min at 13,000 x g. and cold acetone was added to the supernatants in a ratio of 5:1 
(v/v) and incubated overnight at -20 ºC. Samples were centrifuged for 10 min at 
13,000 x g. and the precipitated glutenins resuspended in a 5:1 (µl mg-1 flour) ratio 
solution of 0.125 M TRIS-HCl, pH 6.8, 2% (w/v) SDS, 2% (w/v) DTT, 10% (v/v) 
glycerol, 0.002% (w/v) Bromophenol Blue and incubated for 30 min at 60 ºC with 
continuous vortexing. Glutenin extracts were loaded and separated in SDS-PAGE 
gels for 5 h and 30 min at 10 ºC and 15 mA per gel. Tricine electrophoresis buffer 
and acrylamide stacking and resolving (T=10%, C=1.28) gels were as described 
by Shewry et al.(1995). A-PAGE and SDS-PAGE gels were stained with a solu-
tion of 0.05% (w/v) Coomassie Blue R-250, 5% (v/v) ethanol, 12% (w/v) trichlo-
roacetic acid and then immersed in tap water overnight to remove excess of stain.
Protein and starch analysis and SDS sedimentation test
Protein and starch content were calculated by near-infrared spectroscopy (NIRS) 
using a Foss-NIR Systems 6500 (NIR Systems, Inc., Laurel, MD) spectropho-
tometer. Protein content was expressed on a 14% moisture basis. The SDS sedi-
mentation volume was determined as described by Williams et al. (1988). Three 
technical replicates were carried out for each biological sample.
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Reversed-phase high-performance liquid chromatography (RP-HPLC)
The gliadin fraction was extracted from 100 mg of flour stepwise three times with 
670 μl of 60% (v/v) ethanol, vortexing for 2 min and incubation at RT 10 min 
with shaking. Samples were centrifuged at 6,000 x g. for 20 min, supernatants 
were collected and mixed all together. The glutenin fraction was extracted from 
the insoluble material of the previous step stepwise two times with 500 µl of 50% 
(v/v) 1-propanol, 2 M urea, 0.05 M Tris-HCl (pH 7.5) and 2% (w/v) DTT, vor-
texing for 2 min at RT and incubation for 15 min at 60ºC with shaking. Samples 
were centrifuged at 6,000 x g. for 20 min; supernatants were collected and mixed 
all together. Finally, samples were filtered through a 0.45 µm nylon filter (Tekno-
kroma, Barcelona, Spain). Gliadin (40 µl) and glutenin (40 µl) extracts were ap-
plied to a 300SB-C8 reverse phase analytical column (4.6x250 mm, 5 µm particle 
size, 300 Å pore size; Agilent Technologies, Santa Clara, CA) using a 1200 Series 
Quaternary LC System liquid chromatograph (Agilent Technologies, Santa Clara, 
CA) with a DAD UV-V detector, as described Wieser et al. (1998). Absorbance 
was monitored with the DAD UV-V module at 210 nm. The integration procedure 
was handled automatically by the software with some minor manual adjustment. 
Absolute amounts of gliadin and glutenin fractions were determined using bovine 
serum albumin (BSA; BSA ≥98%, fraction V., Sigma-Aldrich, St. Louis, MO) as 
standard. Three independent repetitions were carried out for each transgenic line 
and wild type.
Mixolab® analysis
Mixing and pasting properties of wheat flour samples were studied using the Mixo-
lab® analyzer (Chopin Technologies, Villeneuve-la-Garenne Cedex, France). For 
each assay, 50 g of whole meal flour were loaded into the Mixolab® bowl and 
mixed under the principle of constant water absorption of 70%. The standard 
`Chopin+´ protocol was used as follows: 80 rpm of constant speed during the 
entire experiment, with 8 min of initial mixing at 30 ºC, a temperature increase 
phase of around 15 min (2.3 ºC min-1) until 90 ºC, 7 min at 90 ºC, a cooling phase 
of around 10 min (4 ºC min-1) until 50 ºC, and a final step of 5 min at 50 ºC (Fig. 
1). Three independent replicates of each line were analyzed. Parameters recorded 
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were: initial consistency (Nm) or maximum torque at 30 ºC (C1), dough develop-
ment time (min) or time to reach the maximum torque at 30 ºC, stability (min) or 
elapsed time at which the torque is maintained constant (torque ≥ 90% C1), mini-
mum torque (Nm) or the minimum value of torque produced under mechanical 
and thermal constrains (C2), peak torque (Nm) or the maximum torque produced 
during the heating stage (C3), the minimum torque (Nm) during the heating stage 
(C4) and the torque value obtained after cooling at 50 ºC (C5) (Fig. 1). Cooking 
stability (C3-C4) and setback (C5-C4) were also calculated. In addition, the curve 
slope α, which indicates the speed of the protein network weakening due to the 
effects of heating; and the curve slope β, which indicates the gelatinization speed 
of the dough, were calculated (Fig. 1). 
Figure 1. Mixolab standard curve for wheat dough. DDT: dough development time.
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Experimental design and statistical analysis
The homozygous transgenic lines were assayed using a randomized complete 
block design with three replicates of five plants each. Data were analyzed with 
the statistical software R version 2.12.1 (Ihaka and Gentleman, 1996) using the 
Graphical User Interface (GUI) R Commander, and the SPSS version 11.0 statisti-
cal software package (SPSS Inc., Somers, NY). Major assumptions of analysis of 
variance (ANOVA) were confirmed by the Kolmogorov-Smirnov’s test for normal 
distribution and by the Levene’s test for homogeneity of variances. ANOVA and 
two-tailed Dunnett’s test for median multiple comparisons were used to analyze 
the results and compare between transgenic and wild-type lines. P values lower 
than 0.05 were considered significant, and lower than 0.01 were considered highly 
significant. Correlation matrix was obtained by Pearson’s correlation analysis.
Results
A-PAGE and SDS-PAGE analysis
Figure 2 shows the gliadin (Fig. 2A) and glutenin (Fig. 2B) profile of BW208 and 
BW2003 transgenic lines and the corresponding wild-type lines. In BW208 trans-
genic lines two major bands were down-regulated in the γ-gliadin region (Fig. 
2A left). In BW2003 transgenic lines, two bands in the γ-gliadin fraction were 
down-regulated, and an additional band was reduced in the α-gliadin region (Fig. 
2A right). Possibly, more gliadin bands were down-regulated in the transgenic 
lines, but they were not detected in the A-PAGE gels due to the co-migration of 
proteins. This effect was observed previously in these lines by Gil-Humanes et al. 
(2008) by comparing the A-PAGE and MALDI-TOF silencing profiles. The SDS-
PAGE analysis of transgenic and wild-type lines (Fig. 2B) showed that BW208 
and BW2003 genotypes contain the same HMW-GS 2*, 7+9 and 5+10 subunits, 
but show marked differences in their LMW-GS profiles. As showed in Figure 2B 
HMW-GS and LMW-GS subunits were not down-regulated by RNAi, and both 
transgenic and wild types had the same profile of bands. 
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Figure 2. A-PAGE of gliadins (A) and SDS-PAGE of glutenins (B) from transgenic and 
wild-type lines. Squares indicate silenced bands in the γ-gliadin region and asterisks indi-
cate silenced bands in the α-gliadin region.
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Grain quality and protein characterization
Thousand seed weights of wild-type lines BW208 and BW2003 were 44.5 g and 
45.1 g, respectively (Table 1). Most of the BW208 transgenic lines did not show 
significant differences with respect to the wild-type line for the thousand seed 
weight, and only line D445 had a significant lower value with 34.5 g. However, in 
BW2003 transgenic lines, four lines presented significant differences for thousand 
seed weight in comparison to that of the wild type: lines D715, D716 and 22A had 
higher values (49.6 g, 48.7 g and 49.3g, respectively), whereas line D815 pre-
sented a lower value with 36.1 g (Table 1). Wild-type lines BW208 and BW2003 
showed starch contents of 59.3% and 60.6%, respectively (Table 1). Starch con-
tents were lower in most of the transgenic lines than in the wild-type lines, but 
only in lines D445, D716 and 22C the differences were significant (Table 1). In 
addition, the mean value of starch for BW2003 transgenic lines (58.7%) was sig-
nificantly lower than that of the wild type BW2003 (60.6%). In contrast to the 
starch content, the percentage of protein was higher in all the transgenic lines, 
though only line D445 (with 13.2%) showed a significant increase with respect to 
the wild-type line BW208.
The protein composition of the flour was evaluated in transgenic lines 
by using RP-HPLC. The content of γ-gliadins of the wild types BW208 and 
BW2003 was 24.1 and 18.6 µg protein mg-1 flour, respectively. A strong reduction 
of γ-gliadins was clearly observed in all the transgenic lines, independently of 
the genotype and the construct (Table 1). For the transgenic lines, the content of 
γ-gliadins ranged from 0.7 to 8.4 µg protein mg-1 flour in BW208 lines, and from 
1.6 to 10.2 µg protein mg-1 flour in BW2003 lines, which represent a reduction 
between 65-97% and 45-91%, respectively, for BW208 and BW2003 transgenic 
lines. Despite this drastic reduction in γ-gliadins, the total content of gliadins did 
not show significant differences in the transgenic lines with respect to the corre-
sponding wild-type lines (Table 1). However, some lines had higher contents of 
gliadins than the wild types. Regarding the content of glutenins, both wild-type 
lines presented similar contents of glutenins: 24.5 and 26.3µg protein mg-1 flour 
for BW208 and BW2003, respectively. All the transgenic lines had higher values 
than those of the corresponding wild-type lines. In addition, five transgenic lines, 
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glutenin contents of 33.4, 33.3, 32.9, 37.0 and 33.0 µg protein mg-1 flour, respec-
tively. The glutenins:gliadins ratio was slightly affected, and the differences ob-
served were not significant compared with the wild types (Table 1). The SDS sedi-
mentation test showed no differences in the BW208 transgenic lines compared 
with the wild type whereas for BW2003 transgenic lines only line D716, and the 
mean value of all BW2003 transgenic lines showed significant higher value than 
the wild type (Table 1). 
Mixing and pasting properties of flour
The two wheat lines used in this work contains the same HMW-GS 2*, 7+9 and 
5+10 subunits, but show marked differences in their LMW-GS profile. The qual-
ity parameters measured with the Mixolab® were very similar between the two 
wild-type genotypes. Figure 3 shows the Mixolab® curves from the whole meal 
flours of the transgenic and wild-type lines studied in this work. The Mixolab® 
measures in real time the torque (Nm) produced by the passage of dough be-
tween two kneading arms spinning at a constant speed. The instrument allows 
the analysis of the quality of the protein network and starch properties during 
heating and cooling. The typical Mixolab® curve can be divided into two dif-
ferent phases: the first phase is determined by the properties of the proteins and 
represents the consistency (torque) (Nm) of the dough during mixing. Parameters 
recorded in this phase are: maximum torque or maximum consistency (C1), dough 
development time (min), stability (min), curve slope α, and minimum torque or 
minimum consistency (C2). The second phase shows the properties of the starch 
and represents the viscosity (torque) (Nm) of the dough under mixing and heating 
constraints. Parameters recorded in this phase are: curve slope β, peak torque or 
peak viscosity (C3), minimum torque during the heating stage (C4) and torque 
value obtained after cooling at 50 ºC (C5). Different curves were obtained for the 
BW208 and BW2003 wild types, and also for the transgenic lines compared with 
the corresponding wild types (Fig. 3). BW208 transgenic lines showed differences 
in the first part of the Mixolab® curve compared with the wild type, with a shorter 
development time (time to peak C1) (Fig. 3A). In contrast, for BW2003 lines (Fig. 
3B) the curves at the initial mixing part of the process were very similar between 




Figure 3.  Mixolab curves of transgenic and wild-type lines of genotype BW208 (A) and 
BW2003 (B). Insets show an amplification of the region surrounding the maximum torque C1. 
Wild types are represented by a wider black line.












































































































































































































































































































































































































































































































































































































































































































































































































































Table 2 shows the data obtained from the Mixolab® curves. Values for 
development time, stability and maximum torque (C1) were similar between the 
wild types BW208 and BW2003. For BW208 lines, the mean value for develop-
ment time of the transgenic lines was significantly lower, and two individual lines 
also had significantly lower values than the wild type, namely A1152 and D445. 
Although stability values were not significantly different between transgenic and 
wild-type lines, the mean value of stability of all transgenic lines was significantly 
lower when compared with the wild-type lines. Development time and stability 
were very similar in all BW2003 lines and no differences were observed between 
transgenic and wild-type lines (Table 2). The values of maximum (C1) and mini-
mum torques (C2) were unaffected in most of the transgenic lines, and only line 
A1158 had a C2 value significantly lower than the wild type (Table 2). The torque 
at C3, C4 and C5 was lower in most of the BW208 and BW2003 transgenic lines 
(Fig. 3). In BW208 genotypes, lines A1158 and D577 showed reduced torque val-
ues at C3 and C5, but line D577 also had a significant reduction in torque at C4, 
whereas torque for line C657 was reduced significantly only at C5 in comparison 
to the wild type. However, the mean values of torque between C3-C5 for BW208 
transgenic lines did not differ significantly from the wild-type lines (Table 2). 
Although none of the BW2003 transgenic lines presented significant reductions 
of torque at C3, C4 or C5, the mean value of all BW2003 transgenic lines was sig-
nificantly lower than the wild-type lines (Table 2). The curve slopes α and β were 
unaffected in all the transgenic lines. For the average of BW208 transgenic lines, 
neither the cooking stability nor the setback presented differences to the wild type, 
and only lines A1158, C657 and D577 had significantly lower values of setback 
than the  wild type (Table 2). As a consequence of the differences observed in the 
torque at C3, C4 and C5 in transgenic BW2003 genotypes, the mean values of 
cooking stability and setback were significantly lower than the control line, and 
for two individual lines (D815 and 22A) they were also significantly reduced.
Correlations between flour composition and technological parameters
Table 3 shows the correlations between main flour components showed in Table 
1 and the technological parameters of the flour showed in Table 2. The SDS sedi-
mentation test was found to be positively and highly correlated with total glutenin 























































































































































































































































































































































































content (r=0.70) and with the glutenins:gliadins ratio (r=0.73), and negatively 
correlated with γ-gliadin content (r=-0.42). The dough development time did not 
show strong correlations, but significant negative correlations were found with to-
tal protein (r=-0.57) and total gliadin (r=-0.55) content, whereas significant posi-
tive correlations were found with γ-gliadin content (r=0.43) (Table 3). Stability 
was positively correlated with starch content (r=0.59) and negatively correlated 
with total protein content (r=-0.60) and total gliadin content (r=-0.46). Total glu-
tenins and the ratio of glutenins:gliadins were also negatively correlated with the 
torque values of the last part of the Mixolab® plot: C3, C4 and C5. Among them, 
the highest correlation was found between total glutenin content and C3 (r=-0.72). 
The derived values cooking stability (C3-C4) and setback (C5-C4) were mainly 
correlated with starch content and the ratio of glutenins:gliadins, and cooking sta-
bility was also negatively correlated with total protein content (r=-0.41) (Table 3).
Discussion
RNAi is a useful tool for gene silencing, and specifically for the study of gene 
function by the down-regulation of groups of proteins encoded by multigene fami-
lies. Gil-Humanes et al. (2008) reported the specific reduction of γ-gliadins in 
transgenic bread wheat lines by using RNAi techniques, with no off-target effects 
or changes in grain morphology being observed. These transgenic lines are an ex-
cellent material to study the influence of γ-gliadins on the technological properties 
of the flour and also to understand the compensatory processes that operate in the 
grain in response to gene silencing. Compensatory effects of B-hordein and glute-
lins (Lange et al., 2007), and B- and γ-hordein (Hansen et al., 2007) were reported 
in transgenic lines of barley with reduced levels of C-hordein. This up-regulation 
of barley protein fractions was linked to the up-regulation of the gene encod-
ing the barley prolamin-binding factor (BPBF) (Hansen et al., 2007), indicating 
that these compensatory effects may be transcriptionally regulated. In the present 
work, modifications in the expression of storage proteins were observed in all the 
transgenic lines as consequence of the suppression of the γ-gliadins (Table 1). The 
reduction of γ-gliadins was significant in all the 15 transgenic lines, but the total 
content of gliadins was not significantly different to the wild type due to the up-
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regulation of the other groups of gliadins. Total glutenins were also up-regulated 
and were significantly higher in five of the transgenic lines and in the mean values 
for BW208 and BW2003 transgenic lines (Table 1). Interestingly, the ratio of 
glutenins:gliadins was not significantly affected in transgenic lines in comparison 
to their wild types (Table 1), suggesting that the changes in the storage proteins in 
response to the suppression of γ-gliadins could be aimed at maintaining the bal-
ance of glutenins:gliadins in the grain.
Most of the transgenic lines had SDS sedimentation values higher than 
that of the wild types, and the mean value of SDS for transgenic lines was signifi-
cantly affected in BW2003 lines. The SDS sedimentation test was significantly 
correlated with the glutenin content and the ratio of glutenins:gliadins (Table 3). 
The SDS sedimentation test is a small-scale test used in bread wheat breeding 
programs to predict gluten strength and baking quality (Carter et al., 1999). The 
sedimentation in the SDS solution theoretically results from the swelling of the 
glutenin strands (Eckert et al., 1993), and high SDS sedimentation volumes have 
been associated with stronger gluten and superior bread-making quality (Ayoub et 
al., 1993; Lorenzo and Kronstad, 1987). 
Dough quality analysis was carried out by using the Mixolab®, which 
allows the characterization of the physico-chemical properties of dough when 
submitted to a dual mixing and temperature constraints, recording the mechani-
cal changes due to mixing and heating simulating the mechanical work and heat 
conditions that might be expected during the baking process (Rosell et al., 2007). 
There are two different parts in the Mixolab® curve (Figure 1). The first part is 
determined by dough consistency and represents the properties of dough proteins, 
and the second part involves heat treatment, is determined by dough viscosity 
and is closely related with the starch properties. In the first stage, the parameters 
obtained from the Mixolab® were development time, stability, maximum torque 
at C1 and minimum torque at C2 (Fig. 1). 
Development time and stability are tightly related to dough strength (the 
stronger the dough, the longer the development time and the stability). Results 
reported here showed that for BW208 transgenic lines, the mean values of devel-
opment time and stability were significantly lower than the wild-type line (Table 
2 and Fig. 3A). Gliadins have been reported to decrease the overall dough strength 
and stability when added to base flours (Branlard and Dardevet, 1985; Fido et 
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al., 2002; Khatkar et al., 2002; MacRitchie, 1992). Our results agree with this 
since significant negative correlations between total gliadin content and develop-
ment time (r=-0.55) and stability (r=-0.46) were found (Table 3). However, the 
γ-gliadin content was positively correlated with development time (Table 3), and 
consequently could contribute to the flour strength. This agrees with results re-
ported in other works, in which γ-gliadins were positively correlated with dough 
strength (Branlard and Dardevet, 1985) and mixing tolerance (Dong et al., 1992). 
However, Khatkar et al. (2002) found that all the gliadin fractions, including the 
γ-gliadins, produced a weakening effect on the fl ours. Similar results were ob-
tained by Fido et al. (1997), but with the γ-gliadins showing the least weakening 
effect. Considering these observations, the γ-gliadins may have a different role 
from the rest of gliadins in the formation of polymers with other gluten proteins. 
The α- and γ-gliadins have six and eight cysteine residues, respectively; as a result 
three and four intramolecular disulfide bonds are formed (Anderson et al., 2001; 
Müller and Wieser, 1995), whereas in the ω-gliadins no cysteine or methionine are 
present (Hsia and Anderson, 2001; Kasarda et al., 1983) and therefore no disulfide 
bonds exist. Anderson et al. (2001) reported that in the γ-gliadins, after the forma-
tion of intramolecular disulfide bonds, the free-SH left might form intermolecu-
lar disulfide bonds, contributing to the glutenin polymer formation. In addition, 
the repetitive domain of γ-gliadins is rich in β-reverse turns and might form an 
extended structure, whereas the non-repetitive domain is rich in α-helices. The 
feature is also presented in α-gliadins, but the β-turns have an irregular distribu-
tion when compared with γ-gliadins (Gianibelli et al., 2001), thus  γ-gliadins may 
contribute to the formation of the extensive gluten film network improving gas 
retention and dough strength. Starch content increased significantly in BW2003 
transgenic lines, and was positively correlated with development time and stabil-
ity. However, this may be consequence of the high negative correlation (r=-0.81) 
between protein content and starch content, and not by a direct effect of starch on 
the dough strength. 
Following the first stage of Mixolab® analysis the combination of me-
chanical stress and temperature constraints produces protein destabilization and 
unfolding. In this phase, the parameters measured were the slope α (that repre-
sents the speed of protein weakening due to heating) and C2 (Rosell et al., 2007; 
Rosell et al., 2010) (Fig. 1). The greater the decrease in consistency (torque) at 
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this phase, the lower the protein quality. In our experiments no significant differ-
ences were found in these values for the transgenic lines, and only one of the lines 
had a significantly different value for C2 (Table 2; Fig. 3). This result indicates 
that the γ-gliadins have little contribution to dough consistency. In addition, no 
significant differences were found for the value of temperature at C2 (Table 2). 
The second part of the Mixolab® curve, which involves heat treatment, represents 
the dough viscosity and is mainly influenced by the starch properties. This part 
can be divided in three phases: in the first phase (starch gelatinization), the starch 
granules absorb water and swell and amylose molecules leach out, producing an 
increase in the torque (Fig. 1). In this phase the values of the slope β (starching 
speed of the dough) and C3 were measured (Fig. 1) (Rosell et al., 2007). In the 
second phase the viscosity decreases due to the physical breakdown of the swol-
len granules, determined by the amylolytic activity. The intensity of the decrease 
depends on amylase activity. Minimum torque in this phase (C4) was determined 
by the Mixolab® (Fig. 1).  The third phase (starch retrogradation) is characterized 
by a decrease of the temperature that causes an increase in the viscosity due to 
re-crystallization of starch and gel formation, associated to amylose re-crystalliza-
tion. A higher C5 value is an indication of a higher level of starch retrogradation. 
Transgenic lines did not show differences in the starching speed of the dough 
(β); however, the torque values C3, C4 and C5 presented significant differences 
for some BW208 transgenic lines and for the mean of BW2003 transgenic lines 
(Table 2; Fig. 3). The C3, C4 and C5 torque values were decreased in both BW208 
and BW2003 transgenic lines with respect to the wild types. Nelles et al. (2000) 
reported lower values of viscosity in the pasting curve of the RVA as the starch 
concentration decreased in maize flour samples. They attributed this effect to few-
er inter-granule and inter-molecule interactions that leaded to lower requirements 
of energy inputs. However, in our material, C3 to C5 values were not correlated 
with the starch content but with the glutenin content and the glutenins:gliadins 
ratio (Table 3). It has been reported that a higher lipid and protein content limits 
the swelling of starch granules, and consequently produces a lower peak viscos-
ity (Debet and Gidley, 2006). Both lipids and proteins are known to be associated 
with the surface and interior of starch granules (Baldwin, 2001). Surface proteins 
in wheat starches are often dominated by endosperm storage proteins (HMW and 
LMW glutenins, and gliadins) and proteins associated with protecting the grain 
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from biotic and abiotic stresses (albumins and globulins) (Kasarda et al., 2008). 
With this information, one could hypothesize that the lower peak torque (C3) and 
lower values of torque at C4 and C5 obtained in the transgenic lines with reduced 
levels of γ-gliadins could be caused by a limitation in the normal swelling of 
starch granules produced by the higher total protein content and the rearrangement 
of the different protein fractions.
In summary, the down-regulation of γ-gliadins by RNAi in wheat lines 
produced a compensatory effect in the rest of the gluten proteins, with no sta-
tistically significant changes in the total content of gliadins, whereas the glute-
nin content was increased. As consequence, the total protein content was slightly 
increased and the starch content decreased. The suppression of γ-gliadins had a 
differential effect on the quality of these genotypes in each of the two phases that 
describe the Mixolab Curve. Thus, the mean values of BW208 transgenic lines 
were significantly lower than the wild type for development time and stability (the 
first phase of the curve) but not for the other parameters, with a weakening effect 
on the dough. In contrast, the mean values of BW2003 transgenic lines were sig-
nificantly lower for C3, C4, C5, C3-C4 and C5-C4 parameters, the second phase 
of the curve, but not for the other parameters. However, not all lines were equally 
affected, and for many transgenic lines, the suppression of γ-gliadins did not affect 
dough properties, suggesting that γ-gliadins are not a main determinant on dough 
quality, although they contribute to dough strength as determined in this work by 
the SDS sedimentation test and dough development time in the Mixolab®. 
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Resumen
La enfermedad celíaca (EC) es una enteropatía desencadenada por la ingesta de 
proteínas del gluten de trigo y otras similares de cebada y centeno. La reacción 
de inflamación del intestino está controlada por las células T que reaccionan ante 
los péptidos particulares del gluten reconocidos por las moléculas del antígeno 
leucocitario humano (HLA)-DQ2 o HLA-DQ8. El único tratamiento posible para 
la enfermedad es una dieta libre de gluten de por vida. En el presente trabajo se 
describe el uso del ARN de interferencia (ARNi) para silenciar la expresión de las 
gliadinas en trigo harinero. Para ello se diseñaron un conjunto de construcciones 
en ‘hairpin’ y se expresaron en el endospermo de trigo harinero. La proteína total 
del gluten de las líneas transgénicas fue extraída para comprobar la capacidad 
de estimulación de cuatro tipos diferentes de clones de células T derivadas de 
lesiones intestinales de enfermos celíacos y específicas para los epítopos DQ2-
α-II, DQ2-γ-VII, DQ8-α-I, y DQ8-γ-I. En cinco de las líneas transgénicas hubo 
una reducción de 1,5-2 log en la cantidad de epítopos DQ2-α-II y DQ2-γ-VII. 
Además, las líneas transgénicas se evaluaron también con dos líneas de células T 
reactivas con epítopos de ω-gliadinas. Los extractos de gluten total no produjeron 
estimulación en tres de las líneas transgénicas, mientras que seis de las líneas 
transgénicas presentaron respuestas reducidas. Este trabajo demuestra que el 
silenciamiento de gliadinas mediante ARNi puede ser usado para la obtención de 
líneas de trigo con niveles muy reducidos de toxicidad en pacientes celíacos. 





Celiac disease (CD) is an enteropathy triggered by the ingestion of gluten proteins 
from wheat and similar proteins from barley and rye. The inflammatory reaction 
is controlled by T cells that recognize gluten peptides in the context of human leu-
kocyte antigen (HLA) DQ2 or HLA-DQ8 molecules. The only available treatment 
for the disease is a lifelong gluten-exclusion diet. We have used RNAi to down-
regulate the expression of gliadins in bread wheat. A set of hairpin constructs 
were designed and expressed in the endosperm of bread wheat. The expression of 
gliadins was strongly down-regulated in the transgenic lines. Total gluten protein 
was extracted from transgenic lines and tested for ability to stimulate four dif-
ferent T-cell clones derived from the intestinal lesion of CD patients and specific 
for the DQ2-α-II, DQ2-γ-VII, DQ8-α-I, and DQ8-γ-I epitopes. For five of the 
transgenic lines, there was a 1.5-2 log reduction in amount of the DQ2-α-II and 
DQ2-γ-VII epitopes and at least 1 log reduction in the amount of the DQ8-α-I and 
DQ8-γ-I epitopes. Furthermore, transgenic lines were also tested with two T-cell 
lines that are reactive with ω-gliadins epitopes. The total gluten extracts were 
unable to elicit T-cell responses for three of the transgenic wheat lines and there 
were reduced responses for six of the transgenic lines. This work shows that the 
down-regulation of gliadins by RNAi can be used to obtain wheat lines with very 
low levels of toxicity for CD patients.
Keywords: RNAi; post-transcripcional gene silencing; gluten intolerance; celiac 
sprue.
REDUCTION OF T-CELL RELATED EPITOPES
87
Introduction
Celiac disease (CD) is a food-sensitive enteropathy caused by the ingestion of 
wheat gluten proteins and similar proteins from barley and rye (Kagnoff, 2007; 
Sollid, 2002; Trier, 1998). The disease has high heritability, and the genes encod-
ing the human leukocyte antigen (HLA) DQ2 or HLA-DQ8 molecules are a major 
genetic risk factor. The disease occurs almost worldwide but the prevalence is par-
ticularly high in Western countries (1%) (West et al., 2003; Wieser and Koehler, 
2008). CD can be diagnosed in early childhood with symptoms like diarrhea and 
malabsorption, but it is often diagnosed later in life and then the spectrum of 
symptoms is wider. The formation of disease lesion in the small intestine, which is 
characterized by villous blunting, crypt cell hyperplasia, and infiltration of leuko-
cytes, involves the activation of gluten reactive CD4 (cluster of differentiation 4) 
T cells (Sollid, 2002). These T cells recognize particular gluten peptides presented 
by the predisposing HLA-DQ2 or HLA-DQ8 molecules, and most of the gluten 
peptides are better recognized after conversion of certain glutamine residues to 
glutamate by the enzyme transglutaminase 2 (TG2) expressed in the gut mucosa. 
The only treatment available for CD patients is a lifelong strict gluten-free diet. 
Adhering to a strict gluten-free diet is demanding as gluten is a ubiquitous addi-
tive in various foods. Thus, the development of wheat varieties with reduced glu-
ten-toxicity profiles may contribute to the improvement of the diet of CD patients 
and in the reduction of CD incidence, because it is also observed that the initiation 
of CD is associated with the level and duration of exposure to gluten (Ivarsson et 
al., 2000; Ventura et al., 1999). 
Wheat gluten can be divided into two protein families: the glutenins and 
the gliadins (Shewry et al., 1994). The glutenins comprise high molecular weight 
(HMW) and low molecular weight (LMW) fractions, whereas the gliadins can 
be divided into three structural types: α-, γ- and ω-gliadins (Shewry and Hal-
ford, 2002). Isolation and characterization of intestinal T cells from CD patients 
have revealed several distinct but similar DQ2 and DQ8 epitopes. These epitopes 
are generally very rich in proline and glutamine residues (Arentz-Hansen et al., 
2002). Although a number of epitopes are derived from glutenins (Molberg et al., 
2003), the majority of the epitopes reside in the gliadin fraction (Arentz-Hansen et 
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al., 2000; Arentz-Hansen et al., 2002). Wheat gliadin genes occur in tightly linked 
clusters, termed blocks, located at complex loci on group 1 and 6 chromosomes. 
The ω-and γ-gliadins are coded by clusters of genes at the Gli-1 loci (Gli-A1, 
Gli-B1, and Gli-D1) on the short arms of the homologous group 1 chromosomes, 
whereas the α-gliadins are controlled by the Gli-2 loci (Gli-A2, Gli-B2, and Gli-
D2) present on the short arms of the group 6 chromosomes (Payne, 1987). The 
estimated copy numbers in hexaploid wheat of genes encoding α-gliadins ranges 
from 25 to 150 copies (Anderson and Greene, 1997), from 15 to 18 copies for 
ω-gliadins, and from 17 to 39 copies for γ-gliadins (Sabelli and Shewry, 1991). 
The sequences of individual gene copies within the same gliadin family are very 
similar, and they may contain multiple and different T-cell epitopes (Spaenij-
Dekking et al., 2005; van Herpen et al., 2006). This high level of complexity and 
the fact that gliadin genes are inherited in blocks make conventional breeding 
approaches to obtain wheat varieties with reduced content of T-cell stimulatory 
sequences very difficult. 
RNAi is a post-transcriptional process triggered by dsRNA that leads to 
gene silencing through a two-step mechanism (Bernstein et al., 2001; Hammond 
et al., 2000). Most current RNAi technology is based on hairpin RNA (hpRNA) 
vectors, which are composed of a promoter and terminator regions in between an 
inversely repeated sequence of the target gene, with a spacer region between the 
repeats. In plants, this approach is being used to engineer metabolic pathways 
to overproduce products with health, yield or environmental benefits (Liu et al., 
2002; Ogita et al., 2003; Regina et al., 2006). We previously have used this ap-
proach to down-regulate the expression of γ-gliadins in bread wheat (Gil-Humanes 
et al., 2008), and this shows that RNAi technology can be used to down-regulate 
groups of proteins encoded by multigene families (Travella et al., 2006). Here, 
we have made a set of hairpin constructs containing a fragment of 361 bp highly 
conserved among α-, ω- and γ-gliadins. Down-regulation of α-, γ- and ω-gliadins 
in transgenic lines by use of these constructs lead to strongly reduced expression 
of CD-related gliadin T-cell epitopes. 
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Results
Designing of RNAi constructs 
Two fragments of 170 bp and 191 bp, corresponding to the most conserved re-
gions from α- and ω-gliadins (Table S1), respectively, were used for the inverted 
repeat (IR) fragments in plasmids pGhp-ω/α and pDhp-ω/α (Fig. S1). The IR frag-
ment to target the γ-gliadin genes was as reported previously (Gil-Humanes et al., 
2008). The IR fragments showed high identity, not only with their target gliadin 
group but also with other gliadins (Table S2). The ω-gliadin fragment showed an 
average identity with α- and ω-gliadin groups of 79.2% and 75.6%, respectively, 
and the maximum identities were 83.8% and 99.5%, respectively. These frag-
ments were assembled into the 361 bp full-chimeric fragment ω/α to provide two 
RNA silencing-triggered IR constructs: pGhp-ω/α and pDhp-ω/α. Both plasmids 
had the same structure but different endosperm specific promoters: a γ-gliadin 
promoter (Pistón et al., 2009) in the pGhp-ω/α vector and a D-hordein promoter 
(Pistón et al., 2008) in the pDhp-ω/α vector.
Transformation with gliadin RNAi constructs strongly down-regulates the 
content of gliadins in bread wheat 
A set of 17 transgenic wheat lines was generated by particle bombardment with 
vectors containing the gliadin RNAi fragments (pDhp-ω/α, pGhp-ω/α and pgh-
pg8.1) combined with the selectable plasmid pAHC25 (Christensen and Quail, 
1996) to facilitate phosphinothricin selection. The analysis of gliadins from trans-
genic lines by acid-polyacrylamide gel electrophoresis (A-PAGE) gels showed 
that the ω/α RNAi chimeric fragment designed (vectors pDhp-ω/α and pGhp-
ω/α) was able to effectively down-regulate gliadins from all groups, whereas in 
lines containing the pghp8.1 vector only γ-gliadins were down-regulated (Fig. 1). 
However, there were differences among transgenic lines in the down-regulation. 
Thus, transgenic lines D783, X387, D793, D894, E35, E82, and X678 showed the 
highest levels of down-regulation compared with their wild type control (Fig. 1). 
However, for lines 28A, 28B, D770, X077, D874, and D876, some bands, mainly 
in the region of ω-gliadins (Fig. 1), were still observed. In lines A1152, C655, 
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C217 and D598, transformed with the pghp8.1 vector, only bands in the region of 
the γ-gliadins were down-regulated, with at least two major bands being clearly 
targeted (Fig. 1). 
The total gliadin content of the transgenic lines and their controls was 
determined by a competitive ELISA system based on the R5 monoclonal antibody 
and by reverse-phase high performance liquid chromatography (RP-HPLC). 
Quantification based on the R5 monoclonal antibody assay is one of the industry 
reference assays for quantifying the amount of gluten in foods. The R5 assay showed 
a significant reduction of the gliadin content in all the transgenic lines transformed 
with the pDhp-ω/α and pGhp-ω/α constructs, with the average reduction being 
92.2%, and a range between 89.7% and 98.1%, respectively for lines X387 and 
E82 (Table 1). In contrast, transgenic lines transformed with the pghp8.1 construct 
did not show significant gliadin content reduction when measured in the R5 assay. 
All transgenic lines, except line X387, showed a reduction in gliadin content of 
Fig. 1. A-PAGE gels of gliadin extracts from wild types and transgenic wheat lines. ω, 
ω-gliadins fraction; γ, γ-gliadins fraction; β, β-gliadins fraction; α, α-gliadins fraction; 
Asterisk indicates the control line for each genotype (BW208 and BW2003). Arrows 
indicate γ-gliadin bands.





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































more than 90% by the R5 assay. 
Quantification of gliadins by RP-HPLC showed clear differences in the 
gliadin content and pattern between the two wild types used as controls (Fig. S2 
and S3). Total gliadin content as determined by RP-HPLC showed a significant 
correlation with data obtained using the R5 antibody (R = 0.97, P < 0.0001). The 
RP-HPLC analysis showed that all transgenic lines transformed with ω/α hpRNA 
constructs (pDhp-ω/α, pGhp-ω/α) had a significant reduction in the total content 
of gliadins (Table 1 and Figs. S2 and S4). The reduction of gliadins with the ω/α 
hpRNA constructs ranged from 69.8% in line D783 to 87.9% in line D793. Three 
transgenic lines, namely D793, D894 and D876, showed a reduction of total 
gliadin greater than 85%. A more detailed analysis of the gliadin fractions showed 
that, in all transgenic lines containing the ω/α hpRNA constructs, all α-, γ- and 
ω-gliadin fractions were significantly lower than that of the wild types (Table 1). 
The down-regulation was strongest for the γ-gliadin fraction (Table 1 and Figs. 
S2 and S4), with reduction varying between 93.8% and 100% (lines X387 and 
E35), and for α-gliadins the reduction varied between 63.3% and 91% (lines D783 
and D876) of reduction (Table 1). In contrast, the ω-gliadin fraction had a lower 
level of down-regulation ranging between 35.6% and 81% (lines E82 and D793) 
of reduction (Table 1 and Fig. S2). The transgenic lines containing the pghp8.1 
construct (A1152, C655, C217 and D598) had low reduction in total gliadin 
content, being only significant for lines A1152 and C655 (Table 1 and Fig. S3). In 
these two lines the expression of the γ-gliadin fraction was reduced by 93.8% and 
98.7%, respectively. Similarly, for lines C217 and D598, the γ-gliadin fraction was 
significantly reduced (between 72.2% and 81.6%) (Table 1 and Fig.S3).
The morphology of the seeds of transgenic plants was similar to that of 
wild types (Figs. S2-S4). Glutenin content (HMW and LMW) was quantified by 
RP-HPLC in transgenic and wild type lines. The HMW glutenins were increased 
in some transgenic lines compared with that of wild types (Table 1). In contrast, 
the LMW glutenins were unaffected for most of lines, and only four lines (E82, 
D874, D876 and X678) showed a significant decrease in the LMW content 
relative to the wild-type line. Although most of transgenic lines containing the 
ω/α hpRNA constructs had slightly lower protein content than that of wild types, 
differences in protein content were only significant for line A1152 (Table 1). The 
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SDS sedimentation volumes were significantly lower than that of wild type for 
lines D793, E82, D874 and D876 (Table 1).
Ability of transgenic wheat to stimulate gliadin-reactive T-cell clones from CD 
patients
To test if the transgenic wheat had lost the ability to activate gluten-specific T 
cells isolated from CD patients, total gluten proteins were extracted for the vari-
ous lines, treated with TG2 and tested in serial dilution for stimulation of DQ2 
and DQ8-restricted T-cell clones of CD patients. The T-cell clones specific for the 
DQ2-α-II and DQ2-γ-VII epitopes were more sensitive as based on their reactiv-
ity to the wild type positive controls, thus providing the best estimates for the 
Fig. 2. Proliferative responses of gliadin-specific T-cell clones stimulated with total gluten 
extracts from transgenic wheat lines. T-cell clones made from CD patients and specific for 
the epitopes DQ2-α-II, DQ2-γ-VII, DQ8-α-I, and DQ8-γ-I were stimulated with antigen-pre-
senting cells incubated with serial dilutions of gluten antigen. Transgenic lines derived from 
line BW208 are depicted in A whereas transgenic lines derived from BW2003 are depicted in 
B. The responses of the T-cell clones against total gluten extracts from the relevant wild-type 
lines are shown with corresponding symbols in with the lighter colors.
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reduction in amount of epitope present. Although the extracted gluten proteins 
of some of the transgenic lines were highly stimulatory to the proliferation of T 
cells (Fig. S5 and S6), several of the transgenic lines showed markedly impaired 
stimulatory capacity. The transgenic lines 28B (pDhp-ω/α transgenic) (Fig. S5) 
and X077 (pGhp-ω/α transgenic) (Fig. 2A) required approximate 1 log higher 
concentration of the total gluten protein to give a similar T-cell proliferative re-
sponse with T-cell clones specific for the DQ2-α-II and DQ2-γ-VII epitopes. No 
response was seen for these transgenic lines when tested with the T-cell clones 
specific for the DQ8-α-I and DQ8-γ-I epitopes. Even more pronounced reduction 
in proliferative responses was seen with the transgenic lines D793 (pGhp-ω/α), 
E82 (pDhp-ω/α+pghp8.1) (Fig. 2A) and D874, D876, X678, (pDhp-ω/α+pGhp-
ω/α) (Fig. 2B). There was about a 2 log reduction in the expression of the DQ2-α-
Fig. 3. Proliferative responses of ω-gliadin reactive T-cell lines stimulated with total gluten 
extracts from transgenic wheat lines. Transgenic lines derived from line BW208 are depic-
ted in A whereas transgenic lines derived from BW2003 are depicted in B. The responses 
of the T-cell clones against total gluten extracts from the relevant wild-type lines are shown 
with corresponding symbols in with the lighter colors.
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II epitope in these transgenic lines.  The responses of the T-cell clones specific for 
the other epitopes (DQ2-γ-VII, DQ8-α-I and DQ8-γ-I) were at or below detection 
level for the highest concentration of gluten protein tested, indicating that there 
was a 2 log or more reduction in the expression of the DQ2-γ-VII epitope, at least 
1 log reduction in the expression of the DQ8-α-I epitope, and also, a substantial 
reduction in the expression of the DQ8-γ-I epitope. The transgenic wheat lines 
were also tested for recognition by T-cell lines that are responsive to a highly stim-
ulatory peptide from ω-gliadin (Camarca et al., 2009). Optimally, this should have 
been tested with T-cell clones reactive with this peptide, but such clones were not 
available to us. The two T-cell lines gave strong proliferative responses to the 
positive-control antigen but a reduced response to the total gluten extract from the 
transgenic lines 28A (pDhp-ω/α) (Fig. S7A), E35 (both pDhp-ω/α+pghp8.1) (Fig. 
3A, and S6A), D770 (pGhp-ω/α), and D876 (pDhp-ω/α+pGhp-ω/α) (Fig. 3B), 
and no response to the transgenic lines D793 (pGhp-ω/α) (Fig. 3A), and D874 and 
X678 (both pDhp-ω/α+pGhp-ω/α) (Fig. 3B). Overall, the transgenic lines D874 
and X678, containing around 30 % of ω-gliadin, 10 % of α-gliadin, and only 1 % 
of γ-gliadin compared with their wild-type control grains, were particularly inef-
ficient to stimulate the CD lesion-derived T cells.  
Discussion
RNAi technology could be useful for down-regulating gliadin genes, whose pro-
teins are not tolerated by individuals suffering from CD. This approach has been 
used to down-regulate the expression of γ-gliadin (Gil-Humanes et al., 2008) 
genes of bread wheat. In the present work, we report the use of hpRNA constructs 
containing IR fragment-comprising sequences from α- and ω-gliadin genes un-
der the control of endosperm-specific promoters from γ-gliadin (pGhp-ω/α) or 
D-hordein (pDhp-ω/α). 
Transgenic lines transformed with both ω/α hpRNA constructs had an av-
erage reduction of gliadins of 85.6%, whereas lines transformed with only the 
pGhp-ω/α vector (γ-gliadin promoter) had an average reduction of the gliadin 
content of 82.1% and lines transformed with the pDhp-ω/α vector (D-Hordein 
promoter) had a reduction of 74.7% . This indicates that both endosperm-specific 
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promoters were highly effective in controlling the expression of the IR fragments 
and the down-regulation of the target gliadin genes. The wheat lines (D874, X678) 
transformed with both the pGhp-ω/α and pDhp-ω/α vectors were particularly inef-
ficient in eliciting a T-cell response.
Gene silencing by RNA has been generally correlated with the level of 
homology between trigger and target sequences. Although the average percentage 
of identity between the α and ω IR fragments with genes from the γ-gliadin group 
were of 69.2% and 69.3%, respectively (Table S2), the ω/α constructs showed a 
higher level of suppression of γ-gliadins than that exerted by pghpg8.1. Moreover, 
γ-gliadin RNAi fragment (pghp8.1) showed an average percentage of homology of 
80.7% with γ-gliadins group, 71.9% with α-gliadins, and 66.6% with ω-gliadins, 
but only the γ-gliadins genes were down-regulated with this construct. It is clear 
that other factors besides the homologies between trigger and target gene are also 
affecting the efficiency of gene silencing. One important factor is the amount of 
the target mRNA; hence, genes transcribed at higher levels could be silenced bet-
ter than those at lower levels (Miki et al., 2005; Piston et al., 2010). Another factor 
that likely affects the down-regulation efficiency is silencing spreading from the 
target region (Eamens et al., 2008; Han and Grierson, 2002). The siRNAs derived 
from the IR region will cleave target mRNA transcripts, leading to cleaved frag-
ments that are converted into dsRNA, which again can produce secondary siR-
NAS and thereby, spread the silencing to related gliadin sequences. 
The transgenic lines resulting from transformation with pghp8.1 (C217, 
D598, C655 and A1152) all had low expression of γ-gliadins but with retained ex-
pression of α- and ω-gliadins (Table 1). Still, the DQ2-γ-VII-specific T-cell clone 
gave strong response to the total gluten extract from these transgenic lines. The 
explanation is probably that the stimulatory material in these transgenic lines is 
derived from ω-gliadin, because some ω-gliadin proteins are known to harbor 
the native sequence of the DQ2-γ-VII epitope (9-mer core region: QQPQQPF-
PQ).  
The transgenic wheat lines reported here will still have reasonable bak-
ing qualities, because the HMW glutenin subunits, major determinants of bread-
making quality, are present in the transgenic lines. We assessed the bread-making 
quality of the transgenic lines using the SDS sedimentation test, because SDS 
volumes of this test are highly correlated with bread-making quality (Carter et al., 
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1999). Most of transgenic lines containing the ω/α constructs had SDS sedimenta-
tion volumes comparable with those of wild types, and five lines had SDS-volume 
values significantly lower than wild types. However, SDS volumes of these five 
lines are still comparable with those of the medium-quality bread wheat. Glutenin 
proteins can also elicit T-cell responses in CD patients (Molberg et al., 2003; Va-
der et al., 2002; van de Wal et al., 1999); however, their stimulatory capacity is far 
less than the gliadin proteins (Molberg et al., 2003). The transgenic lines produced 
here will not be completely devoid of sequences stimulatory to T cells of CD 
patients, because they contain small amounts of gliadin proteins as well as glute-
nin proteins. A recent meta-analysis of gluten-challenge studies concluded that a 
daily gluten intake between 10 and 100 mg would probably be safe for most CD 
patients (Hischenhuber et al., 2006), suggesting that the transgenic lines reported 
here could be used in foodstuff tolerated by many CD patients. Even if more opti-
mal transgenic lines will have to be made for introduction in foodstuff, the present 
work shows that targeting of CD-related gene families is indeed achievable and 
may reduce the expression of CD-related T-cell epitopes.
Methods
RNAi fragments and transformation plasmids
The fragments and plasmids used to target the γ-gliadin genes were as reported 
previously (Gil-Humanes et al., 2008). Plasmids pGhp-ω/α and pDhp-ω/α (Fig. 
S1) contain the endosperm specific promoters from γ-gliadin and D-hordein genes 
respectively (Pistón et al., 2008; Pistón et al., 2009), and the nos terminator. These 
vectors contain the Ubi1 intron from maize as spacer region between the ω/α 
RNAi IR fragments, inserted in sense and antisense orientation by recombination 
using the GATEWAY® technology (Invitrogen). Two fragments of 170 bp and 
191 bp, corresponding to the most conserved regions from, respectively, α- and 
ω-gliadins, were selected for use as IR fragments. These fragments were ampli-
fied from bread wheat, assembled to obtain the full chimeric 361-bp α/ω fragment, 
cloned into the recombination sites of pCR8/GW/TOPO vector (Invitrogen), and 
recombined to provide the final pGhp-ω/α  and pDhp-ω/α vectors. Primers used 
CAPÍTULO 4
98
are described in Table S3. All PCR primers were designed using eprimer3 (http://
emboss.sourceforge.net/). All EMBOSS programs were run on the Mobyle por-
tal (http://mobyle.pasteur.fr/cgi-bin/portal.py). Sequences of plasmids pghp8.1, 
pGhp-ω/α, and pDhp-ω/α are available at GenBank under accession numbers 
HM352557, HM352558, and HM352559, respectively.
Wheat transformation and identification of transgenic plants
Immature scutella of two lines of the bread wheat (Triticum aestivum) cv. Bob-
white (BW2003 and BW208) were isolated from primary tillers harvested 16 
d after anthesis and transformed as described previously (Pistón et al., 2009). 
Plasmids carrying the RNAi fragments were used in combination with plasmid 
pAHC25 containing the selectable bar gene (Christensen and Quail, 1996). Puta-
tive transgenic plants were transferred to soil and grown to maturity in the green-
house, and the presence of the transformation vectors was confirmed by PCR 
(Table S3). Transgenic plants were self-pollinated for two or three generations to 
obtain homozygous lines. 
Gliadin and glutenin extraction and A-PAGE analysis
The gliadin fraction from 40 to100 mg of flour was extracted stepwise three times 
with a 5:1 (µl/mg) ratio of 60% (v/v) ethanol for 45 min at room temperature with 
shaking every 10 min, and it was centrifuged for 20 min at 13,000 x g. Superna-
tants were precipitated with 1 ml of cold acetone, incubated for 30 min at 4ºC, 
and centrifuged for 10 min 13,000 x g.  After the supernatants were decanted and 
samples were air dried, pellets were resuspended in 500 µl of 60% (v/v) ethanol. 
Gliadin fractions were separated by A-PAGE gels as described (Khan et al., 1985)
Glutenin fractions were extracted from the insoluble material of the pre-
vious step with 750 µl of 50% (v/v) 1-propanol, 2 M urea, 0.05 M Tris-HCl (pH 
7.5), and 2% (w/v) DTT at 60ºC. Finally, samples were filtered through a 0.45-µm 
nylon filter (Teknokroma).
Analysis of wheat flour by R5 competitive ELISA
Wheat grains from transgenic lines were analyzed by the reference laboratory for 
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gluten analysis at Centro Nacional de Biotecnología, using the R5 monoclonal 
antibody as described elsewhere (Ferre et al., 2003). The assay was performed in 
triplicate.
RP-HPLC analysis
Gliadin (20 µl) and glutenin (30 µl) extracts were applied to a 300SB-C8 reverse-
phase analytical column (4.6 x 250 mm, 5-µm particle size, 300 Å pore size; Agi-
lent Technologies) using a 1200 Series Quaternary LC System liquid chromato-
graph (Agilent Technologies) with a diode array ultraviolet-visible (DAD UV-V) 
detector. The HPLC separation method was as that described (Wieser et al., 1998). 
Absorbance was monitored with the DAD UV-V detector module at 210 nm. The 
integration procedure was handled automatically by the software with some mi-
nor manual adjustment. Three independent repetitions were carried out for each 
transgenic line and control.
Protein content and SDS sedimentation test
Protein content was determined using whole flour by the American Association 
of Cereal Chemists (AACC) Method 39-11.01 (AACC International, 2000). The 
SDS sedimentation volume was determined as described (Williams et al., 1986).
Statistics
Data were analysed using the SPSS version 11.0 statistical software package 
(SPSS Inc.). Data were tested for normal distribution using the Kolmogorov-
Smirnov test and for homogeneity of variances with the Levene test. ANOVA and 
two-tailed Dunnett’s test for median multiple comparisons were used to analyze 
the results. P values less than 0.05 were considered significant. Pearson’s R was 
calculated to determine the correlation between gliadin contents measured by R5 
competitive ELISA assay and RP-HPLC methods.
Extraction of total gluten proteins for T-cell assays
Whole-meal flour from transgenic wheat lines and wild types was used through-
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out as starting material. Total gluten protein was extracted from 1 g of milled 
seeds and treated as described (Molberg et al., 2003)  Total gluten protein was 
digested first with pepsin from porcine gastric mucosa (P7012; Sigma) and then 
with pancreatic protease trypsin (T9201; Sigma). Both enzymatic digestions were 
at a 1:100 ratio (w/w) at 37ºC for 4 hours. The digested samples were dialyzed, 
lyophilized, and stored as freeze-dried proteins.
T-cell assays
The pepsin- and trypsin-digested lyophilized samples were solubilised to 4.0 mg/
ml in 100 mM Tris buffer containing 2 mM Ca2+ and treated with recombinant hu-
man TG2 (0.1 mg/ml final concentration) for 2 h. The TG2-treated gliadins sam-
ples were serial diluted (1,000 µg/ml to 0.19 µg/ml final concentration) and incu-
bated with homozygous HLA-DQ2-positive (DQA1*0501/DQB1*0201; CD114) 
or HLA-DQ8-positive (DQA1*0301/DQB1*0302; #9092) B lymphoblastoid cell 
lines as antigen-presenting cells in 96-well U-bottom plates. The next day, T-cell 
clones were added to the cell cultures (≈ 50,000 cells/well) and incubated for 72 
h, and T-cell proliferation during the last 24 h was measured by 3H thymidine in-
corporation. Positive control for T-cell reactivity was pepsin- and trypsin-digested 
and TG2-treated total gluten extracts from wild-type BW2003 and BW208 grains 
as well as gliadin from Sigma (G-3375). T-cell lines and clones were made from 
biopsies of HLA-DQ2 and HLA-DQ8-positive CD patients as described earlier 
(Arentz-Hansen et al., 2002; Tollefsen et al., 2006). The following T-cell clones 
were used: TCC364.1.0.14 DQ2-α-II specific (PQPELPYPQ; 9-mer core region of 
epitope given), TCC360.11 DQ8-α-I specific (EGSFQPSQE), TCC387.19 DQ2-
γ-VII specific (QQPEQPFPQ), TCC544.1.1.8 DQ8-γ-I specific (EQPQQPYPE) 
clones. The polyclonal T-cell lines TCL 461.0.2.1.4 and TCL KT.CD.3 reactive 
with the ω-gliadin derived peptide (QPEQPFPQPEQPFPWQP) (Camarca et al., 
2009) were also tested.
Acknowledgments
We thank Ana García and Marie Johannesen for expert technical assistance. The 
REDUCTION OF T-CELL RELATED EPITOPES
101
authors thank Prof. Peter Shewry (Rothamsted Research), Prof. Paul Christou 
(Universitat de Lleida), and Dr. Paul Lazzeri (Agrasys SL) for critical comments 
on the manuscript. The authors acknowledge funding by the Spanish Comision 
Interministerial de Ciencia y Tecnologia (Projects AGL2007-65685-C02-01 and 
AGL2010-19643-C02-02), the European Regional Development Fund (ERDF), 
the Norwegian Foundation for Health and Rehabilitation (EXTRA fund), and the 
Novo Nordisk Foundation. J.G.-H. also acknowledges financial support from the 
I3P Program from the Consejo Superior de Investigaciones Cientificas, which is 
cofinanced by the European Social Fund.
References
AACC International. 2000. Approved Methods of Analysis (11th Ed.). AACC Interna-
tional, St. Paul, MN, U.S.A.
Anderson OD, Greene FC. 1997. The alpha-gliadin gene family. II. DNA and protein 
sequence variation, subfamily structure, and origins of pseudogenes. Theoretical and 
Applied Genetics 95, 59-65.
Arentz-Hansen H, Korner R, Molberg O, Quarsten H, Vader W, Kooy YMC, Lundin 
KEA, Koning F, Roepstorff P, Sollid LM, McAdam SN. 2000. The intestinal T cell 
response to alpha-gliadin in adult celiac disease is focused on a single deamidated 
glutamine targeted by tissue transglutaminase. Journal of Experimental Medicine 191, 
603-612.
Arentz-Hansen H, Mcadam SN, Molberg Ø, Fleckenstein B, Lundin KEA, Jørgensen 
TJD, Jung G, Roepstorff P, Sollid LM. 2002. Celiac lesion T cells recognize epit-
opes that cluster in regions of gliadins rich in proline residues. Gastroenterology 123, 
803-809.
Bernstein E, Denli AM, Hannon GJ. 2001. The rest is silence. RNA 7, 1509-1521.
Camarca A, Anderson RP, Mamone G, Fierro O, Facchiano A, Costantini S, Zanzi D, 
Sidney J, Auricchio S, Sette A, Troncone R, Gianfrani C. 2009. Intestinal T cell re-
sponses to gluten peptides are largely heterogeneous: implications for a peptide-based 
therapy in celiac disease. Journal of Immunology 182, 4158-4166.
Carter BP, Morris CF, Anderson JA. 1999. Optimizing the SDS sedimentation test for 
end-use quality selection in a soft white and club wheat breeding program. Cereal 
Chemistry 76, 907-911.
Christensen AH, Quail PH. 1996. Ubiquitin promoter-based vectors for high-level ex-
pression of selectable and/or screenable marker genes in monocotyledonous plants. 
Transgenic Research 5, 213-218.
Eamens A, Wang MB, Smith NA, Waterhouse PM. 2008. RNA Silencing in Plants: 
Yesterday, Today, and Tomorrow. Plant Physiology 147, 456-468.
Ferre S, García E, Méndez E. 2003. Measurement of hydrolysed gliadins by a competi-
tive ELISA based on monoclonal antibody R5: analysis of syrups and beers. In: Stern 
CAPÍTULO 4
102
M, ed. Proceedings of the 18th meeting of the working group on prolamin analysis 
and toxicity. Stockholm, Sweden: Verlag Wissenschaftliche Scripten, Zwickau, 65-69.
Gil-Humanes J, Pistón F, Hernando A, Alvarez JB, Shewry PR, Barro F. 2008. Si-
lencing of γ-gliadins by RNA interference (RNAi) in bread wheat. Journal of Cereal 
Science 48, 565-568.
Hammond SM, Bernstein E, Beach D, Hannon GJ. 2000. An RNA-directed nuclease 
mediates post-transcriptional gene silencing in Drosophila cells. Nature 404, 293-296.
Han Y, Grierson D. 2002. The  influence  of  inverted  repeats  on  the production of small 
antisense RNAs involved in gene silencing. Molecular Genetics and Genomics 267, 
629–635.
Hischenhuber C, Crevel R, Jarry B, Maki M, Moneret-Vautrin DA, Romano A, Tron-
cone R, Ward R. 2006. Review article: safe amounts of gluten for patients with wheat 
allergy or coeliac disease. Alimentary Pharmacology & Therapeutics 23, 559-575.
Ivarsson A, Persson LA, Nystrom I, Ascher H, Cavell B, Danielsson L, Dannaeus A, 
Lindberg T, Lindquist B, Stenhammar L, Hernell O. 2000. Epidemic of coeliac 
disease in Swedish children. Acta Paediatrica 89, 165-171.
Kagnoff MF. 2007. Celiac disease: pathogenesis of a model immunogenetic disease. 
Journal of Clinical Investigation 117, 41-49.
Khan K, Hamada AS, Patek J. 1985. Polyacrylamide gel electrophoresis for wheat vari-
ety identification - effect of variables on gel properties. Cereal Chemistry 62, 310-313.
Liu Q, Singh S, Green A. 2002. High-oleic and high-stearic cottonseed oils: Nutritionally 
improved cooking oils developed using gene silencing. Journal of the American Col-
lege of Nutrition 21, 205S-211S.
Miki D, Itoh R, Shimamoto K. 2005. RNA Silencing of Single and Multiple Members in 
a Gene Family of Rice. Plant Physiology 138, 1903-1913.
Molberg Ø, Flaete NS, Jensen T, Lundin KEA, Arentz-Hansen H, Anderson OD, 
Uhlen AK, Sollid LM. 2003. Intestinal T-cell responses to high-molecular-weight glu-
tenins in celiac disease. Gastroenterology 125, 337-344.
Ogita S, Uefuji H, Yamaguchi Y, Koizumi N, Sano H. 2003. RNA interference - Produc-
ing decaffeinated coffee plants. Nature 423, 823-823.
Payne PI. 1987. Genetics of wheat storage proteins and the effect of allelic variation on 
bread-making quality. Annual Review of Plant Physiology and Plant Molecular Biol-
ogy 38, 141-153.
Pistón F, León E, Lazzeri P, Barro F. 2008. Isolation of two storage protein promoters 
from Hordeum chilense and characterization of their expression patterns in transgenic 
wheat. Euphytica 162, 371-379.
Pistón F, Marín S, Hernando A, Barro F. 2009. Analysis of the activity of a γ-gliadin 
promoter in transgenic wheat and characterization of gliadin synthesis in wheat by 
MALDI-TOF during grain development. Molecular Breeding 23, 655-667.
Pistón F, Uauy C, Fu L, Langston J, Labavitch J, Dubcovsky J. 2010. Down-regu-
lation of four putative arabinoxylan feruloyl transferase genes from family PF02458 
reduces ester-linked ferulate content in rice cell walls. Planta 231, 677-691.
Regina A, Bird A, Topping D, Bowden S, Freeman J, Barsby T, Kosar-Hashemi B, 
Li ZY, Rahman S, Morell M. 2006. High-amylose wheat generated by RNA inter-
ference improves indices of large-bowel health in rats. Proceedings of the National 
Academy of Sciences USA 103, 3546-3551.
REDUCTION OF T-CELL RELATED EPITOPES
103
Sabelli PA, Shewry PR. 1991. Characterization and organization of gene families at the 
Gli-1 loci of bread and durum wheats by restriction fragment analysis. Theoretical and 
Applied Genetics 83, 209-216.
Shewry PR, Halford NG. 2002. Cereal seed storage proteins: structures, properties and 
role in grain utilization. Journal of Experimental Botany 53, 947-958.
Shewry PR, Miles MJ, Tatham AS. 1994. The prolamin storage proteins of wheat and 
related cereals. Progress in Biophysics & Molecular Biology 61, 37-59.
Sollid LM. 2002. Coelic disease: dissecting a complex inflammatory disorder. Nature 
Reviews Immunology 2, 647-655.
Spaenij-Dekking L, Kooy-Winkelaar Y, Van Veelen P, Drijfhout JW, Jonker H, Van 
Soest L, Smulders MJM, Bosch D, Gilissen L, Koning F. 2005. Natural variation 
in toxicity of wheat: Potential for selection of nontoxic varieties for celiac disease 
patients. Gastroenterology 129, 797-806.
Tollefsen S, Arentz-Hansen H, Fleckenstein B, Molberg Ø, Ráki M, Kwok WW, Jung 
G, Lundin KEA, Sollid LM. 2006. HLA-DQ2 and -DQ8 signatures of gluten T cell 
epitopes in celiac disease. Journal of Clinical Investigation 116, 2226-2236.
Travella S, Klimm TE, Keller B. 2006. RNA interference-based gene silencing as an ef-
ficient tool for functional genomics in hexaploid bread wheat. Plant Physiology 142, 
6-20.
Trier JS. 1998. Diagnosis of celiac sprue. Gastroenterology 115, 211-216.
Vader W, Kooy Y, van Veelen P, de Ru A, Harris D, Benckhuijsen W, Pena S, Mearin 
L, Drijfhout JW, Koning F. 2002. The gluten response in children with celiac dis-
ease is directed toward multiple gliadin and glutenin peptides. Gastroenterology 122, 
1729-1737.
van de Wal Y, Kooy YMC, van Veelen P, Vader W, August SA, Drijfhout JW, Pena 
SA, Koning F. 1999. Glutenin is involved in the gluten-driven mucosal T cell re-
sponse. European Journal of Immunology 29, 3133-3139.
van Herpen T, Goryunova S, van der Schoot J, Mitreva M, Salentijn E, Vorst O, 
Schenk M, van Veelen P, Koning F, van Soest L, Vosman B, Bosch D, Hamer R, 
Gilissen L, Smulders M. 2006. Alpha-gliadin genes from the A, B, and D genomes of 
wheat contain different sets of celiac disease epitopes. BMC Genomics 7, 1.
Ventura A, Magazzu G, Greco L, Dis SSGADC. 1999. Duration of exposure to gluten 
and risk for autoimmune disorders in patients with celiac disease. Gastroenterology 
117, 297-303.
West J, Logan RFA, Card TR, Smith C, Hubbard R. 2003. Fracture risk in people with 
celiac disease: A population-based cohort study. Gastroenterology 125, 429-436.
Wieser H, Antes S, Seilmeier W. 1998. Quantitative determination of gluten protein 
types in wheat flour by reversed-phase high-performance liquid chromatography. Ce-
real Chemistry 75, 644-650.
Wieser H, Koehler P. 2008. The biochemical basis of celiac disease. Cereal Chemistry 
85, 1-13.
Williams P, Jaby el-Haramein F, Nakkoul H, Rihawi S. 1986. Crop quality evaluation 
methods and guidelines  Technical Manual (ICARDA): International Center for Agri-




Fig. S1. Constructs for RNAi-targeting gliadin genes. The vectors 
contain a γ-gliadin (pGhp-ω/α) or D-hordein promoter (pDhp-ω/α and 
pghp8.1), the nos terminator sequence (NOSt), and the triggered se-
quences in sense and antisense orientations separated by the Ubiquitin 
1 intron (Ubi1 intron). Vectors pGhp-ω/α and pDhp-ω/α include an in-
verted repeat (IR) chimeric 361-bp fragment from α- and ω- gliadins. 
Vector pghp8.1 includes a 169-bp IR fragment from γ-gliadin. Numbers 
indicate length in base pairs.
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Fig. S2. RP-HPLC chromatograms of gliadin extracts from wild-type and transgenic wheat lines. 
(A) BW208 wild-type and BW208 transgenic lines. (B) BW2003 wild-type and BW2003 transgenic 
lines. ω, ω-gliadins; α, α-gliadins; γ, γ-gliadins. mAU (210 nm), milliunits of absorbance at 210 nm; 
min, retention time in minutes.
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Fig. S3. RP-HPLC chromatograms of gliadin extracts from wild-type and transgenic wheat lines 
transformed with pghp8.1 construct. (A) BW208 wild-type and BW208 transgenic lines. (B) 
BW2003 wild-type and BW2003 transgenic lines. Names and symbols are as described in Fig. S2.
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Fig. S4. RP-HPLC chromatograms of gliadin extracts from wild-type and transgenic wheat lines. 
BW208 wild-type and BW208 transformed with vectors pDhp-ω/α, pGhp-ω/α and pghp8.1+pDhp-
ω/α. Names and symbols are as described in Fig. S2.
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Fig. S5. Proliferative responses of gliadin-specific T-cell clones stimulated with total gluten extracts 
from transgenic wheat lines derived from the BW208 line. These lines gave significantly reduced 
T-cell proliferation compared with the wild-type line. Symbols are as described in Fig. 2.
Fig. S6. Proliferative responses of gliadin-specific T-cell clones stimulated with total gluten extracts 
from transgenic wheat lines. These lines gave no or very little reduction in the T-cell response com-
pared with the wild type lines. Transgenic lines derived from line BW208 are depicted in A whereas 
transgenic lines derived from BW2003 are depicted in B. Symbols are as described in Figure 2.
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Fig. S7. Proliferative responses of ω-gliadin reactive T-cell lines stimulated with total gluten extracts 
from transgenic wheat lines. Transgenic lines derived from line BW208 are depicted in A whereas 
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DQ246449 EU018272 GQ891686 AJ389673 FJ006604 FJ231103 GQ423431
DQ417343 EU018273 GQ891687 AJ389674 FJ006605 FJ595936 GQ423432
DQ417344 EU018274 U08287 AJ389675 FJ006606 FJ595937
DQ417345 EU018275 U50984 AJ389676 FJ006607 GQ857626
EF165551 EU018276 U51302 AJ389689 FJ006608 GQ871769
EF165552 EU018277 U51303 AJ389690 FJ006609 GQ871770
EF165553 EU018278 U51304 AJ389691 FJ006610 GQ871771
EF561274 EU018279 U51305 AJ389692 FJ006611 GQ871772
EF561275 EU018280 U51306 AJ389693 FJ006612 GQ871773
EF561276 EU018281 U51307 AJ389694 FJ006613 GQ871774
EF561277 EU018282 U51308 AJ389695 FJ006614 GQ871775
EF561278 EU018283 U51309 AJ389696 FJ006615 GQ871776
EF561279 EU018284 U51310 AJ389697 FJ006616 GQ871777
EF561280 EU018285 X54517 AJ389698 FJ006617 M11077
EF561281 EU018286 X54688 AJ416336 FJ006618 M11335
EF561282 EU018287 X54689 AJ416337 FJ006619 M11336
EF561283 EU018288 AJ416338 FJ006620 M13712
EF561284 EU018289 AJ416339 FJ006621 M13713
EF561285 EU018290 AY338386 FJ006622 M16060
EF561286 EU018291 AY338387 FJ006623 M16064
EF561287 EU018292 AY338388 FJ006678 M36999
EF561288 EU018293 AY338389 FJ006679
γ-α-
Table S1. T. aestivum gliadin accession number from the nucleotide Genbank non-
redundant (nr) database (http://www.ncbi.nlm.nih.gov/Genbank/)







91.4 ( 6.1) 69.2 (2.6) 60.1 (2.7)
79.2 (5.5) 69.3 (5.5) 75.6 (13.1)
α γ ω
71.9  (4.8) 80.7 (11.4) 66.6 (1.9)
Average identity with gliadin groups (%)
Table S2. Average identity of the three RNAi fragments with α-, γ- and ω-gliadin sequences. 
Each RNAi fragment was compared with gliadin sequences from T. aestivum present in the Gen-
Bank database as follows: 120 α-gliadin sequences, 125 γ-gliadin sequences and 22 ω-gliadin 
sequences. Average values are presented in percentages and SDs are in brackets. The identity 
between the IR fragments and the α-, γ- and ω- gliadin sequences was calculated using Needle 
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Resumen
Las proteínas del gluten de trigo, gliadinas y gluteninas, son de gran importan-
cia en la determinación de las propiedades biomecánicas exclusivas del trigo. Se 
han llevado a cabo numerosos estudios para determinar su ruta biosintética y me-
canismos de síntesis, clasificación y deposición en los cuerpos proteicos. En el 
presente trabajo se han estudiado un conjunto de líneas transgénicas de trigo con 
fuerte reducción de los niveles de γ-gliadinas y/o todos los grupos de gliadinas. 
Para ello se ha usado microscopía de luz visible y de fluorescencia combinadas 
con inmunodetección mediante anticuerpos específicos para las γ-gliadinas y las 
gluteninas HMW. Estas líneas representan un material único para el estudio de 
la formación y agregación de los cuerpos proteicos en semillas de trigo en desa-
rrollo. La mayoría de las líneas transgénicas presentaron cantidades mayores de 
gluteninas HMW, aunque sólo las líneas transgénicas con niveles reducidos de 
todas las gliadinas presentaron diferencias en la formación y agregación de los 
cuerpos proteicos. Tanto los controles no transformados como las líneas transgé-
nicas con silenciamiento de las γ-gliadinas mostraron cuerpos proteicos grandes 
y de forma circular, mientras que las líneas con reducción de todas las gliadinas 
tenían cuerpos proteicos de forma irregular y modo de agregación también irregu-
lar. El número y tamaño de las inclusiones, que contienen triticinas, fue también 
superior en las líneas con silenciamiento de todas las gliadinas. Los cambios en la 
composición de proteínas y en la morfología de los cuerpos proteicos observados 
en las líneas transgénicas con silenciamiento de todas las gliadinas no resultaron 
en cambios significativos en el contenido  total de proteína ni en la estabilidad de 
las diferentes fracciones.
Palabras clave: proteínas del gluten, inmunolocalización, cuerpos proteicos, 




Wheat gluten proteins, gliadins and glutenins, are of great importance in deter-
mining the unique biomechanical properties of wheat. Studies have therefore been 
carried out to determine their pathways and mechanisms of synthesis, folding and 
deposition in protein bodies. In the present work we have studied a set of trans-
genic wheat lines with strongly suppressed levels of γ-gliadins and/or all groups 
of gliadins, using light and fluorescence microscopy combined with immunode-
tection using specific antibodies for γ-gliadins and HMW glutenin subunits. These 
lines represent a unique material to study the formation and fusion of protein bod-
ies in developing seeds of wheat. Higher amounts of HMW subunits were pres-
ent in most of the transgenic lines but only the lines with suppression of all glia-
dins showed differences in the formation and fusion of the protein bodies. Large 
rounded protein bodies were found in the wild type lines and the transgenic lines 
with reduced levels of γ-gliadins, while the lines with all gliadins down-regulated 
had protein bodies of irregular shape and irregular formation. The size and num-
ber of inclusions, which have been reported to contain triticins, were also higher 
in the protein bodies in the lines with all the gliadins down-regulated. Changes in 
the protein composition and PB morphology reported in the transgenic lines with 
all gliadins down-regulated did not result in marked changes in the total protein 
content or instability of the different fractions. 
Keywords: gluten proteins, immunolocalization, protein bodies, RNAi, transgen-
ic wheat, wheat endosperm. 
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Introduction
Wheat is the most widely cultivated cereal in the world due to its adaptability to 
different environments and high yields, as well as to the unique biomechanical 
properties of the gluten proteins, which allow the production of bread and many 
other food products. Wheat gluten proteins, called prolamins, are classically di-
vided into two fractions, the glutenins and gliadins. Although their proportions 
may vary, the total gluten proteins generally account for around 80% of the total 
grain proteins, with about 30% being gliadins and 50% glutenins (Shewry et al., 
2009). The glutenins are present as polymeric complexes comprising two types of 
subunit, called high molecular weight (HMW) subunits and low molecular weight 
(LMW) subunits, while the gliadins are monomeric and are classified into three 
structural types: α-, γ- and ω-gliadins. These fractions also differ in their func-
tional properties with the glutenins contributing mainly to dough elasticity and 
the gliadins mainly to the dough extensibility and viscosity. The gliadin and glu-
tenin proteins interact in dough to form a network that confers the characteristic 
cohesive visco-elastic properties that allow the entrapment of carbon dioxide dur-
ing fermentation and expansion of the dough to give leavened bread. However, 
the amount and composition of the gluten proteins also vary with genotype and 
environment resulting in differences in dough properties which are exploited to 
allow the manufacture of a wide range of products including bread, cakes, cookies 
(biscuits), pasta and noodles. 
The synthesis of gluten proteins occurs on polyribosomes attached to the 
endoplasmic reticulum (ER). However, the subsequent transport, deposition and 
accumulation of gluten proteins into protein bodies (PB) is not completely un-
derstood and is thought to depend on the properties of the proteins themselves 
(particularly their insolubility in aqueous solvents) and also on the developmental 
stage of the endosperm (Tosi et al., 2009). Two separate pathways appear to oper-
ate in the developing wheat endosperm, with assembly of storage proteins into PB 
occurring both within the ER and within the vacuoles. Furthermore, it has been 
proposed that transport from the ER to vacuoles may occur via the Golgi appa-
ratus or via a Golgi bypass pathway (Kim, 1988; Levanony, 1992). Rubin (1992) 
reported the existence of two different types of PB with different densities, called 
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light PB and dense PB, which accumulated simultaneously and independently in 
wheat endosperm cells. In early stages of grain development, gliadins were found 
within the light PB, while in the later stages of grain development they were found 
in both PB types. However, HMW subunits were highly enriched in the dense PB 
during the entire period of grain development. The authors concluded that during 
early grain development most of the gliadins were transported from the ER to the 
vacuoles forming the light PB, and the remainder aggregated within the ER form-
ing the dense PB. In addition, they suggested that the HMW subunits, and pos-
sibly also the LMW subunits, aggregated mostly within the ER to form dense PB. 
The mechanisms that determine whether gluten proteins are transported 
to the vacuoles or stored in the ER are not known, but the accumulation of glu-
tenins in the ER lumen could be a consequence of their ability to form insoluble 
aggregates, which would be less easily transported than the monomeric gliadins 
(Shewry, 1999).
RNA interference (RNAi) technology has been used to down-regulate 
multigene families (Travella et al., 2006) including reducing the content of 
α-gliadins in lines of bread wheat cv. Florida (Becker et al. (2006). Gil-Humanes 
et al. (2008) also reported the reduction of γ-gliadins by  up to 80% in bread 
wheat lines of cv. ‘Bobwhite’. More recently, all ω-, α-, and γ-gliadins have been 
strongly down-regulated by RNAi, drastically altering the protein content of the 
wheat endosperm (Gil-Humanes et al., 2010). These wheat lines are therefore a 
useful tool to study the deposition of gluten proteins and formation and fusion of 
PB in developing seeds with low contents of gliadins. 
In the present work we used light and fluorescence microscopy combined 
with immunodetection with specific antibodies for the γ-gliadins and HMW glu-
tenin subunits to study the formation and fusion of PB in developing seeds of wild 
type and transgenic lines with reduced levels of gliadins.
Materials and methods
Plant material
Three transgenic wheat lines (Triticum aestivum) with down-regulation of the 
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γ-gliadins fraction (γ-hpRNA lines) that contained the γ-hpRNA constructs 
pghpg8.1 (lines C655 and D445) and pGghpg8.1 (line D577); and 6 transgenic 
lines with all the groups of gliadins down-regulated (ω/α-hpRNA lines) that 
carried the ω/α-hpRNA constructs pDhp-ω/α (line 28A), pGhp-ω/α (lines 
D894 and D793) and both constructs (E140, D911 and D874), as well as their 
untransformed wild types BW208 and BW2003, were grown in a glasshouse at 
Rothamsted Research. For each line, three individual seeds were sown in different 
pots. Mature seeds were collected and seeds from the same genotype combined 
for further analysis. Growth conditions were as described by Tosi et al. (2004). 
Plasmids pGhp-ω/α and pGghpg8.1 contain the γ-gliadin promoter (Pistón et al., 
2009), while plasmids pDhp-ω/α and pghpg8.1 contain the D-hordein promoter 
(Pistón et al., 2008) (Table 1). All transgenic lines were reported previously or 
obtained as described Gil-Humanes et al. (2008, 2010). 
SDS-PAGE and Western assays
Total protein for SDS-PAGE and Western blot analysis was extracted from mature 
seeds. Flour of individual seeds was incubated for 30 min at 70 ºC in a extraction 
buffer (62.5 mM TRIS-HCl, pH 6.8, 2% (w/v) sodium dodecyl sulfate (SDS), 
1.5% (w/v) dithiothreitol (DTT), 10% (v/v) glycerol and 0.002% (w/v) Bromo-
phenol Blue) in a proportion of 25 µl of solution per mg of flour. Samples were 
centrifuged 2 min at 14,000 x g. and supernatants collected. Extracted proteins 
were separated in Nu-PAGE 4-12% BIS-TRIS SDS precast gels (Invitrogen) at 
200 V for 45 min. Protein transfer to Hybond-c Extra membranes (Amersham) 
was carried out in a Transblot (Biorad) at 14 V for 30 min. Membranes were 
rinsed in TRIS-buffered saline (TBS) solution (20 mM TRIS-HCl, 500 mM NaCl, 
pH 7.5) and blocked in a TBS solution containing 5% (w/v) of non fat powdered 
milk (Marvel) during 1 h. Then, membranes were washed in TBS and incubated 
for 1 h in the corresponding primary antibody solution. Two primary antibod-
ies were used diluted in a solution of TBS containing 1% bovine serum albumin 
(BSA) and 0.05% Tween20 (Sigma-Aldrich): a mouse monoclonal anti-γ-gliadins 
(S3B512, INRA, Nantes) diluted 1:4,000 and a rabbit polyclonal anti-HMW-
glutenins (HMW R2) diluted 1:8,000. Then, membranes were rinsed 3 times in 
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0.05% Tween 20 TBS solution and incubated for 1 h in the secondary antibody 
solution: anti-mouse or anti-rabbit IgG (whole molecule)−Alkaline Phosphatase 
(Sigma-Aldrich) diluted 1:6,250 in the same TBS solution used for primary anti-
bodies. Two washes with 0.05% (v/v) Tween20 TBS and a final wash with TBS 
solution were made before adding the BCIP®/NBT-Purple Liquid Substrate Sys-
tem for Membranes (Sigma-Aldrich). The reaction was stopped when bands were 
visible by rinsing the membranes in distilled water. 
Gels were stained with a solution of 0.05% (w/v) Coomasie Brilliant Blue 
R-250, 5% (v/v) ethanol, 12% (w/v) Trichloroacetic acid to identify different pro-
tein bands. To remove the excess of staining, gels were immersed in tap water 
overnight.
Quantification of total protein 
Total protein was determined in mature seeds according to the Kjeldahl method 
described in the American Association of Cereal Chemists (AACC) Method 46-
10.01. The assay was performed in duplicate and results are expressed as protein 
percentage (N x 5.7) of the total dry matter.
Quantification of albumins and globulins
Albumins and globulins were extracted from 100 mg of flour. Albumins were 
extracted with 500 μl of Milli-Q water (Millipore) and incubated at room tem-
perature (RT) for 15 min with shaking. Samples were then centrifuged 10 min 
at 13,000 x g., and supernatants containing the albumin fraction collected and 
combined. Pellets were washed twice with 500 μl of Milli-Q water (Millipore) and 
centrifuged 10 min at 13,000 x g. Globulins were extracted from the insoluble ma-
terial of the previous step with 700 μl of a 0.5 M NaCl solution at RT for 15 min 
with shaking. Samples were centrifuged 10 min at 13,000 x g. and supernatants 
containing the globulin fraction collected and combined. Two independent extrac-
tions were made for each sample. Albumin and globulin contents were determined 
in triplicate in the above extracts using a Bradford assay system (Bradford, 1976) 
using bovine serum albumin (Sigma-Aldrich) as standard.
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RP-HPLC 
The gliadin fraction from 100 mg of flour was extracted  with 2 x 670 μl of 60% 
(v/v) ethanol, vortexing for 2 min at RT followed by incubation at RT 10 min with 
shaking. Samples were centrifuged at 6,000 x g. for 20 min, supernatants were 
collected and combined. The glutenin fraction was extracted from the insoluble 
material of the previous step  with 2 x 500 µl of 50% (v/v) 1-propanol, 2 M urea, 
0.05 M Tris-HCl (pH 7.5) and 2% (w/v)DTT, vortexing for 2 min at RT and incu-
bation for 15 min at 60ºC with shaking. Samples were centrifuged at 6,000 x g. for 
20 min, supernatants were collected and combined. Finally, samples were filtered 
through a 0.45 µm nylon filter (Teknokroma).
Gliadin (40 µl) and glutenin (40 µl) extracts were applied to a 300SB-C8 
reverse phase analytical column (4.6x250 mm, 5 µm particle size, 300 Å pore size; 
Agilent Technologies) using a 1200 Series Quaternary LC System liquid chro-
matograph (Agilent Technologies) with a diode array ultraviolet-visible (DAD 
UV-V) detector, as described in Gil-Humanes et al. (2010). The software with 
some minor manual adjustment handled the integration procedure automatically. 
Three replicate analyses were carried out on separate extracts for each transgenic 
line and control.
Statistics
Data were analysed using the SPSS version 11.0 statistical software package 
(SPSS). Analysis of variance (ANOVA) and two-sided Dunnett’s test for median 
multiple comparisons with a control were used to analyze the results. P-values 
less than 0.05 were considered significant.
Preparation of samples for microscopy
Two grains of each individual plant were harvested from the central part of the 
spike at 21 days post anthesis (dpa) and 28 dpa. Collected grains were cut into 1 
mm thick transversal slices and transferred immediately for fixation into a solu-
tion of 4% (w/v) paraformaldehyde and 2.5% (w/v) glutaraldehyde in 0.1 M phos-
phate buffer pH 7.4, during 4 h. Then, samples were dehydrated in a 10% graded 
ethanol series (10% to 100% ethanol) and infiltrated in increasing concentrations 
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of LR White resin (TAAB) diluted in ethanol (from 20% to 100%). Two changes 
of resin a day were made during 4 days, placing samples in a rotator at RT during 
the day and at 4 ºC overnight. When the samples were completely embedded with 
the resin they were transferred into capsules and filled with fresh LR White resin 
and polymerized in the oven in an oxygen free environment at 55 ºC for 20 h.
Sections for microscopy studies were prepared using a Reichert-Jung Ul-
tracut microtome. Sections of 1 µm thick were taken from polymerized samples 
and placed on Poly-lysine coated multi-well slides for immunofluorescence ex-
periments, and on glass slides for protein staining with Naphtol Blue Black.
Immunofluorescence and light microscopy
For immunofluorescence studies, grain sections collected on Poly-lysine coat-
ed slides were pre-incubated for 30 min in a blocking solution made of 0.3% 
Tween20 (Sigma-Aldrich) and 3% BSA (Sigma-Aldrich) in Phosphate buffered 
saline (PBS) (Sigma-Aldrich) solution at pH 7.4. Then, samples were incubat-
ed for 1.5 h in primary antibody solution. The two primary antibodies described 
above were used in combination diluted in antibody buffer (1% BSA, 0.05% 
Tween20 (Sigma-Aldrich) PBS solution) in a relation of 1:50 and 1:100, for the 
mouse monoclonal anti-γ-gliadins (S3B512) and the rabbit polyclonal anti-HMW-
glutenins (HMW R2), respectively. After 3 washes in a 0.3% Tween20 PBS solu-
tion, samples were incubated for 1.5 h in the dark in secondary antibody solu-
tion of anti-rabbit Alexa Fluor 488 conjugated and anti-mouse Alexa Fluor 568 
conjugated (Invitrogen) diluted 1:250 in the same PBS solution used for primary 
antibodies. Slides were rinsed 3 times in a 0.3% Tween20 PBS solution followed 
by a wash in PBS solution. Samples were analysed on a Zeiss Axiophot fluores-
cence microscope equipped with a Retiga Exi CCD (Qimaging) camera and the 
MetaMorph® v7.5.5.50 software. For light microscopy, proteins of the grain sec-
tions were stained with Naphtol Blue Black solution (Sigma-Aldrich) for 30 sec, 
washed with water and air-dried.
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Results
Nine homozygous transgenic lines of wheat (Triticum aestivum) cv. ‘Bobwhite’ 
(BW208 and BW2003) were selected for study (Table 1), five of which have been 
reported previously (Gil-Humanes et al., 2010). Lines expressing the γ-hpRNA 
constructs (pGghpg8.1 and pghpg8.1) (γ-hpRNA lines) showed specific and 
strong reduction of the γ-gliadin fraction, while lines expressing the ω/α-hpRNA 
constructs (pGhp-ω/α and pDhp-ω/α) (ω/α-hpRNA lines) showed strong reduc-
tion of all gliadin fractionss (Gil-Humanes et al., 2010). The transgenic and wild 
type plants were grown in the same conditions and the fertility and morphology 
of the plants and seeds did not differ markedly (see Supplementary Fig. S1 at JXB 
online). The total protein contents of the wild type lines BW208 and BW2003 
were 16.1% and 15.3% of total dry matter, respectively (Table 1). Most of the 
transgenic lines did not differ significantly from the wild type lines in their protein 
contents that ranged between 15-16%. However, the γ-hpRNA lines C655 and 
D445 and the ω/α-hpRNA line 28A had significantly higher total protein contents 
of 17.9, 19.2 and 17.7%, respectively. 
Reversed-phase high performance liquid chromatography (RP-HPLC) 
was used to quantify the contents of gliadins and glutenins in both the transgenic 
and wild type lines (Table 1). The total gluten protein content (gliadins and glute-
nins) was significantly lower in all of the ω/α-hpRNA transgenic lines, with levels 
ranging from 3.9% (line D793) to 7.2% (line 28A), compared with 9.8% and 
11.5%, respectively, in the corresponding wild type lines BW2003 and BW208. 
By contrast, the gluten protein contents of the lines in which only the γ-gliadins 
were suppressed were not significantly different to that of the wild type BW208 
line (Table 1). The total gliadin content was significantly reduced in all of the ω/α-
hpRNA lines but not in the γ-hpRNA lines, in comparison to the wild type lines 
(Table 1). Although the γ-hpRNA lines showed significant decreased amounts of 
γ-gliadins, this was compensated for by increases in the amounts of other glia-
din fractions (Table 1). This is evident for lines C655 and D445 in which the 
amounts of ω- and α-gliadins were increased and the total content of gliadins was 
comparable to that of the wild type line. However, line D577 (γ-hpRNA line) 





































































































































































































































































































































































































































































































































































































































































































PROTEIN BODIES MORPHOLOGY IN SILENCED LINES
127
by increases in the other gliadin fractions. The greatest reduction in gliadins was 
in the ω/α-hpRNA line D793 that contained only 11.9 µg mg-1 flour: this repre-
sents a decrease of 86.8% in the total gliadin content with respect to the wild type 
line BW208. A more detailed analysis of transgenic lines transformed with ω/α-
hpRNA construct showed that not all gliadin fractions were reduced to the same 
extent. All of the ω/α-hpRNA transgenic lines showed a significant reduction in 
the γ-gliadin fraction, with contents ranging from 0.7 µg mg-1 flour  (line D793) to 
8.6 µg mg-1 flour (line E140), representing decreases of 97.9% and 69.1%, respec-
tively. By contrast, the ω- and α-gliadins were reduced by a smaller extent (Table 
1). Lines D793 and D874 showed the greatest reduction in all gliadin fractions in 
comparison to the respective wild type lines.
In most lines the suppression of gliadins was also associated with com-
pensatory increases in the glutenin fraction. Lines D445 and C655 (γ-hpRNA) and 
lines 28A and D894 (ω/α-hpRNA) showed significant increases in the amounts 
of both HMW and LMW glutenin subunits and their total glutenin content were 
therefore much higher than that of the wild type line. Line D577 (γ-hpRNA) did 
not show any compensatory effects and the total glutenin content was comparable 
to that of the wild type line (Table 1). Lines D793, D911, and D874 (ω/α-hpRNA) 
showed significant increases in the contents of HMW subunits but also significant 
decreases in LMW subunits. Overall, the total glutenin contents of these lines 
were comparable to those of their corresponding wild type lines (Table 1). Line 
E140 (ω/α-hpRNA) showed a significant increase only in HMW subunits, and the 
total amount of glutenin subunits was higher than in the wild type line (Table 1). 
Compensatory effects were also observed in the albumin and globulin fractions. 
Albumin contents were 12.2 µg mg-1 flour and 12.7 µg mg-1 flour for BW208 and 
BW2003 wild type lines, respectively; while globulins were 9.4 µg mg-1 flour and 
9.7 µg mg-1 flour for BW208 and BW2003 wild type lines, respectively. Albumins 
and globulins showed significantly increased amounts in most of the ω/α-hpRNA 
lines (with only line E140 showing albumins levels in the range of the wild type), 
while all γ-hpRNA lines showed albumin and globulin contents comparable to 
that of the wild type (Table 1).
Total protein extracts from the two wild type lines (BW208 and BW2003) 
and the transgenic lines 28A, D793, C655, E140 and D874 were separated by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) for Coo-
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masie Blue staining (Fig. 1A) and Western blot analysis (Fig. 1, B and C). The 
ω/α-hpRNA lines 28A, D793, E140 and D874 showed decreases in the number 
and staining intensity of the protein bands between 30 and 70 KDa. However, 
these decreases were not clearly observed in the γ-hpRNA line C655, possibly due 
to overlapping with other protein bands in the region around 35 KDa and 40 KDa 
(Fig. 1A). Western blotting with the HMW R2 polyclonal antibody (pAb) showed 
that all of the lines gave similar reactions with only bands corresponding to HMW 
subunits (about 80-110 kDa) being detected (Fig. 1B). 
Figure 1. SDS-PAGE gel and Western blot of wild 
type and transgenic lines. A, SDS-PAGE gel of total 
protein extracts stained with Coomassie Blue; B and 
C, Western blot of total protein extracts separated in a 
SDS-PAGE gel, labelled with the HMW R2 pAb spe-
cific for HMW glutenins (B), and the S3B512 mAb 
specific for γ-gliadins (C).
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Western blotting with the S3B512 monoclonal antibody (mAb) specific 
for γ-gliadins showed two reactive bands between 35 KDa and 40 KDa in the wild 
type BW208 line and at least four bands in the wild type BW2003 line, while either 
no bands (28A, D793, C655 and D874) or weak signals only (E140) were detected 
in the  transgenic lines (Figure 1C). The pattern of deposition of the HMW glute-
nins and γ-gliadins was studied in all the transgenic lines described in Table 1 and 
compared with the corresponding wild type lines. Sections of developing caryop-
ses at 21 dpa and 28 dpa were labelled with the HMW R2 pAb and the S3B512 
mAb (Fig. 2; Fig. 3; Supplementary Figs. S2 and S3 available at JXB online).  Fig-
ure 2 shows the single channel images of the double labelling of HMW subunits 
and γ-gliadins in the BW208 wild type line and the γ-hpRNA transgenic line C655 
with decreased levels of γ-gliadins, while Figure 3 shows the ω/α-hpRNA trans-
genic lines 28A and D793 in which all gliadins are decreased. Double labelling 
with the HMW R2 pAb (specific for HMW subunits) and S3B512 mAb (specific 
for γ-gliadins) was carried out on sections at 21 dpa (Fig. 2, columns 1 and 2; Fig. 
3, columns 1 and 2; Supplementary Fig. S2, columns 1 and 2) and 28 dpa (Fig. 2, 
column 3; Fig. 3, column 3; Supplementary Fig. S2, column 3; and Supplemen-
tary Fig. S3). Two flourochromes, AlexaFluor 488 and 568 that emitted in the 
green and the red region of the spectra, respectively, with no overlapping in their 
excitation or emission spectra were used. Immunofluorescence with the HMW R2 
pAb was detected in 21 dpa and 28 dpa sections in both the wild type and trans-
genic lines (Fig. 2, columns 1 and 3; Fig. 3, columns 1 and 3; Supplementary Fig. 
S2, columns 1 and 3). This showed that HMW subunits accumulated mainly in the 
cells of the subaleurone layer, showing a gradient decreasing from the cells of the 
aleurone layer to the cells of the inner endosperm. Labelling of the HMW subunits 
in sections at 28 dpa (Fig. 2, column 3; Fig. 3; column 3; Supplementary Fig. S2, 
column 3) gave a stronger signal than in 21 dpa sections in all the genotypes, 
probably due to higher protein accumulation at 28 dpa than at 21 dpa. In addition, 
the signals observed with the HMW R2 pAb in the wild type line BW208 and in 
the γ-hpRNA transgenic line C655 (Fig. 2, A3 and B3, respectively), were weaker 
than that observed in the ω/α-hpRNA transgenic lines (28A and D793; Fig. 3, A3 
and B3, respectively). Figure 2 and Figure 3 (column 2) show immunolocalization 
of the γ-gliadins in sections at 21 dpa. The S3B512 mAb showed immunofluores-
cence only in the wild type BW208 line (Fig. 2, A2; Supplementary Fig. S2 A2), 
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while none of the transgenic lines showed any signal (Fig. 2, A2 and B2; Fig. 3, 
A2 and B2; Supplementary Fig. S2, B2 and C2). No differences were observed 
between the sections at 21 dpa and 28 dpa labelled with the anti-γ-gliadin S3B512 
mAb (Fig. 2, column 2; Fig. 3, column 2; Supplementary Fig. S3).
Observation of specific areas of the endosperm close to the aleurone layer 
at higher magnification confirmed the presence of HMW subunit in the control 
and transgenic lines (insets Fig. 2, columns 1 and 3; insets Fig. 3, columns 1 
and 3; insets Supplementary Fig. S2, columns 1 and 3) while γ-gliadins were 
only detected in the wild type BW208 line (insets Fig. 2, column 2; insets 
Figure 2. Immunolocalization of HMW and γ-gliadins in seed sections of BW208 wild 
type line (A) and transgenic line C655 (B). Columns 1 and 2 correspond to 21 dpa sections 
labelled with the HMW R2 pAb specific for HMW glutenins (1) and the S3B512 mAb spe-
cific for γ-gliadins (2). Column 3 corresponds to 28 dpa sections labelled with the HMW 
R2 pAb specific for HMW glutenins. Bars in sections of column 1, 2 and 3 correspond to 
500 µm, and bars in magnifications correspond to 50 µm. PB, protein bodies; Al, aleurone 
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Figure 3. Immunolocalization of HMW and γ-gliadins in seed sections of transgenic lines 
28A (A) and D793 (B). Columns 1 and 2 correspond to 21 dpa sections labelled with 
the HMW R2 pAb specific for HMW glutenins (1) and the S3B512 mAb specific for 
γ-gliadins (2). Column 3 corresponds to 28 dpa sections labelled with the HMW R2 pAb 
specific for HMW glutenins. Bars in sections of column 1, 2 and 3 correspond to 500 µm, 
and bars in magnifications correspond to 50 µm. PB, protein bodies; Al, aleurone layer.
Supplementary Fig. S2, column 2). Close examination of the protein bodies in the 
ω/α-hpRNA transgenic lines, in which all of the gliadins were silenced, showed 
that they also differed in shape and size from those in the wild type lines and in 
the γ-hpRNA lines lacking γ-gliadins and did not merge in the same way. The 
diameter of the PB located in the sub-aleurone cells was measured in all the lines 
and expressed as the mean ± standard error. At 21 dpa, BW208 wild type showed 
PB diameters of 30.7±1.9 µm, while for γ-hpRNA lines C655, D445 and D577 the 
diameters were 35.1±1.9 µm, 25.0±3.1 µm and 28.3±1.7 µm, respectively; and for 
the ω/α-hpRNA lines 28A, D894 and D793 were 29.4±2.3 µm, 24.4±1.5 µm and 
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16.1±1.1 µm, respectively. For BW2003 lines, the differences between the wild 
type and ω/α-hpRNA transgenic lines at 21 dpa were greater than observed for 
the BW208 lines. The BW2003 wild type showed PB with 43.5±2.1 µm diameter, 
while line E140 had 16.0±1.1 µm and line D874 15.6±1.4 µm (line D911 was not 
determined). Higher magnification images of the sections at 21 dpa showed that 
the PB in the wild type BW208 line and in the γ-hpRNA C655 line were rounded 
and merged to form large PB (insets Fig. 2, A1 and B1), while the PB in the ω/α-
hpRNA lines were smaller (insets Fig. 3, A1 and B1; insets Supplementary Fig. 
S2, B1 and C1), irregular in shape and did not merge to form PB but remained 
as dispersed small PB. By contrast, at 28 dpa the PB in the BW208 ω/α-hpRNA 
transgenic lines were similar, or even larger, 50.7±4.6 µm in line 28A and 27.8±1.7 
µm in line D793, than those in the wild type line and the γ-hpRNA line C655, 
which had diameters of 36.2±1.7 µm and 34.7±1.9 µm, respectively (insets Fig. 
2, column 3; insets Fig. 3, column 3; insets Supplementary Fig. S2, column 3), 
although their shape remained irregular. In BW2003 ω/α-hpRNA transgenic lines 
the PB at 28 dpa were smaller than the wild type (43.3±2.2 µm diameter), with 
diameters of 34.9±2.2 µm in line E140 and 21.5±0.7 µm in line D874.
Sections of the transgenic and wild type lines at 21 dpa and 28 dpa were 
stained with Naphtol Blue Black to highlight the differences in PB merging, size 
and shape (Figure 4; Supplementary Fig. S4 available at JXB online). This con-
firmed the previous observations and showed the PB in the wild type lines (Fig. 4 
A2; Supplementary Fig. S4 A2) and the γ-hpRNA line C655 (Supplementary Fig. 
S4 B2) at 21 dpa were similar, being large and rounded. However, the PB in the 
ω/α-hpRNA transgenic lines, in which all of the gliadins were suppressed, were 
irregular in shape and did not merge (Fig. 4, B2 and C2; Supplementary Fig. S4 
C2). 
At 28 dpa the PB in the wild type lines (Fig. 4 A3; Supplementary Fig. 
S4 A3) and the γ-hpRNA line C655 (Supplementary Fig. S4 B3) were similar in 
shape and size to those observed at 21 dpa. By contrast, the PB in the ω/α-hpRNA 
transgenic lines E140 and 28A (Fig. 4 B3; Supplementary Fig. S4 C3, respective-
ly) were larger but still irregular. Line D874 (Fig. 4 C3) showed small dispersed 
PB, similar to those observed at 21 dpa. The PB in the ω/α-hpRNA transgenic 
lines (Fig. 4, column 4; Supplementary Fig. S4, column 4) at both 21 and 28 days 
also contained small inclusions close to the PB surface. These inclusions were 
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also larger and more numerous in line E140 (Fig. 4 B4) than in lines D874 and 
28A (Fig. 4 C4; Supplementary Fig. S4 C4, respectively). These may correspond 
to the inclusions that have previously been reported to contain the storage globulin 
triticin (Bechtel et al., 1991).
Discussion
The unique characteristics of the transgenic lines studied here, and the high speci-
ficity of the two antibodies used to detect HMW subunits and γ-gliadins allow the 
relationship between protein composition and deposition in developing seeds to 
be studied. Western blotting of total protein extracts from mature seeds double-
labelled with antibodies specific for HMW subunits and γ-gliadins showed that 
Figure 4. Naphtol Blue Black-stained sections of developing wheat seeds and magnification of 
specific areas of BW2003 lines: wild type line (A), E140 (B) and D874 (C). Column 1, half-seed 
sections of 21 dpa developing seeds. Squares show the magnified region of column 2 pictures; co-
lumn 2, magnification of specific areas of 21 dpa seed sections; column 3, magnification of 28 dpa 
seed sections; column 4, inclusions on protein bodies of 28 dpa sections. Bars in sections of column 
1 correspond to 500 µm; bars in magnifications of columns 2 and 3 correspond to 50 µm, and bars 
in pictures of column 4 correspond to 25 µm. PB, protein bodies; AL, aleurone layer; I, inclusion.
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γ-gliadins but not HMW subunits were suppressed in all lines (Fig. 1). The total 
protein contents of both the wild type and transgenic lines were higher than those 
described previously (Gil-Humanes et al., 2010). However, the plants were grown 
in different environmental conditions in the two studies, and both the total pro-
tein content and the protein composition are known to be strongly influenced by 
the environment, and in particular by the availability of mineral mutrients  (Wi-
eser and Seilmeier, 1998). Quantification of extracted gluten proteins showed that 
compensatory increases in glutenin subunits occurred in most lines but not in 
line D577 (Table 1). In most cases the contents of both the HMW and LMW sub-
units were increased, but in lines D911 and D874 the contents of HMW subunits 
were increased and of LMW subunits decreased. The globulins were significantly 
increased in all ω/α-hpRNA transgenic lines while albumins were increased in 
all lines except one ω/α-hpRNA transgenic line. Compensatory effects were ob-
served previously by Lange et al. (2007) who reported  increases in the amounts 
of B hordeins and glutelins in transgenic lines of barley with reduced contents of 
C hordeins. Hansen et al. (2007) performed microarray analyses of the same lines 
and showed up-regulation of B and γ-hordein genes and of the gene encoding 
the barley prolamin-binding factor (BPBF), a transcription factor that regulates B 
hordein gene expression.
Rubin (1992) reported two different types of PB in wheat with differ-
ent densities, called light PB and dense PB. They showed that both types of PB 
accumulated simultaneously and independently in wheat endosperm cells, with 
the light PB containing mainly gliadins and the dense PB glutenins and gliadins. 
However, other authors have reported the existence of only one kind of PB, con-
taining both gliadins and glutenins (Loussert et al., 2008; Stenram, 1991). In addi-
tion, Loussert et al. (2008) showed an even distribution of gliadins and glutenins 
in PB, with no internal organization or micro-domains. The results reported here 
similarly show that HMW subunits and γ-gliadins are co-localised in most PB in 
the wild type line (insets Fig. 2, A1 and A2; insets Supplementary Fig S2, A1 and 
A2).
 The content of HMW subunits was higher in most of the transgenic lines, 
compared with the wild type lines, irrespective of the construct. The transgenic 
lines shown in Figure 2 and Figure 3 showed increases in HMW subunit contents 
of 58% in the γ-hpRNA line C655, and of 158% and 103% in the ω/αhpRNA lines 
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28A and D793, respectively, in comparison with the wild type lines. However, 
the intensity of immunofluorescence with the HMW pAb was higher in the ω/
αhpRNA transgenic lines, which had decreased contents of all gliadins (Fig. 3, 
A3 and B3), than in the γ-hpRNA line C655 (Fig. 2 B3), which showed a similar 
level of intensity to the wild type line (Fig. 2 A3). Similar results were obtained in 
single-labeled sections using the HMW R2 pAb (data not shown). Consequently, 
the higher intensity of immunofluorescence found in the ω/α-hpRNA lines can 
be explained by a higher proportion of HMW subunits within the PB and not 
only by a higher total amount of HMW subunits. In addition, the size and shape 
of the PB differed in the lines, with large rounded PB in the wild type lines and 
the γ-hpRNA lines, and smaller PB of irregular shape in the ω/αhpRNA lines 
(mainly in BW2003 transgenic lines). Irregular PB formation has been previously 
described in mutants and transgenic lines of maize with altered levels of pro-
lamins (Wu and Messing, 2010; Zhang and Boston, 1992), in RNAi transgenic 
lines of rice (Kawakatsu et al., 2010), and transgenic lines of tobacco express-
ing a modified 10 KDa δ-zein protein (Randall et al., 2000). Maize prolamins, 
which are called zeins, are specifically synthesized on polyribosomes of the ER 
and translocated into the lumen of the ER, where they assemble into PB (Wolf 
et al., 1967). The maize PB have a highly ordered architecture, with the α- and 
δ-zeins deposited in the center of the PB and existing as monomers, and the β- and 
γ-zeins located in the peripheral layer and forming polymers stabilised by disul-
phide bonds (Lending and Larkins, 1989; Ludevid et al., 1984). Wu and Messing 
(2010) reported the effects on PB morphology caused by RNAi-mediated silenc-
ing of different zeins. They concluded that although decreases in individual β- and 
γ-zeins had little effect on PB formation, their simultaneous decrease severely 
distorted the PB structure, suggesting a redundant function of β- and γ-zeins for 
stabilizing the formation of PB, and the importance of disulphide bonds in the 
maintaining normal PB shape. Changes in the morphology of the PB have been 
also observed in rice lines with RNAi-mediated down-regulation of the different 
seed storage proteins (Kawakatsu et al., 2010). Rice prolamins are exclusively 
stored in ER PB, while vacuolar PB contain α-globulins and glutelins (Bechtel 
and Juliano, 1980). The authors observed changes in the formation of PB of both 
vacuolar and ER origin in the different RNAi lines, and related these changes to 
the reduction of globulins and 13-KDa prolamins, respectively.  They proposed 
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that the cysteine-rich13-KDa prolamins may play a role in the PB stabilization by 
disulphide bonds (similarly to the β- and γ-zeins in maize), whereas the cysteine-
poor 13-KDa prolamins may be involved in enlarging PB. They also suggested 
that the ratio of cysteine-poor to cysteine-rich prolamins may be important for 
proper aggregation/folding of prolamins.
The present study showed that changes in PB morphology were only ob-
served in lines that showed reductions in all gliadins (ω/α-hpRNA lines), but not 
in lines with down-regulation of γ-gliadins only. All the ω/α-hpRNA lines also 
showed reduction in total gluten protein content, though the content of HMW 
subunits was increased. Consequently, the ratio of glutenins:gliadins in these lines 
was much higher than in the wild type lines and the γ- hpRNA lines, and thus 
the proportions of glutenins and gliadins within the ER PB were also altered. 
The fact that the γ-hpRNA lines formed normal PB does not mean necessarily 
that γ-gliadins are not involved the determination of PB morphology, as the up-
regulation of the other groups of gliadins compensated the reduction of γ-gliadins 
resulting in normal levels of total gliadins. Gliadins may play an important role in 
the formation and stabilization of PB, as the β- and γ-zeins in maize and the 13-
KDa prolamins in rice, and in particular the S-rich gliadins (α- and γ-gliadins) that 
can form intra-molecular disulphide bonds. In addition, the repetitive domains of 
the α- and γ-gliadins are rich in β-reverse turns and may form extended structures 
(Gianibelli et al., 2001). Furthermore, the decreased proportion of PB of vacuolar 
origin in the starchy endosperm may also affect the merging of the PB of ER ori-
gin. This is supported by the suggestion that gliadins are deposited preferentially 
in vacuolar PB which would then merge with ER PB (Rubin, 1992). As a result, 
the PB in the ω/α-hpRNA lines (which lacked gliadins) would originate mainly by 
fusion of smaller PB derived from the ER.
Therefore, the changes in PB morphology in the ω/α-hpRNA lines can 
be explained by 1) the reduction of the total amount of gliadins, which may be 
involved in the PB stabilization, 2) the increased amounts of HMW subunits and 
decreased amounts of gliadins in the ω/α-hpRNA lines that resulted in altered ra-
tios of glutenins:gliadins, 3) the significant reduction in the total content of gluten 
proteins observed in all the ω/α-hpRNA lines and/or 4) the decreased proportion 
of PB of vacuolar origin in the starchy endosperm. 
Staining of sections of the developing seeds for protein with Naphtol Blue 
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Black (Fig. 4; Supplementary Fig. S4) also revealed an increase in the number 
and size of the inclusions present at the surface of the PB of the ω/α-hpRNA lines. 
These inclusions have been reported to contain triticin (Bechtel et al., 1991), an 
11S globulin homolog which is deposited in the PB of the endosperm between 8 
and 21 days after anthesis (Singh and Shepherd, 1987). In the present study all 
the ω/α-hpRNA transgenic lines had significant increases in total globulins, while 
none of the γ-hpRNA transgenic lines showed significant differences compared 
to the wild type lines. Therefore, the strong reduction of all the gliadins results 
in a compensatory effect on the synthesis of non-gluten proteins, which may in-
clude triticins. Although triticins represent only about 5% of the total seed protein 
(Bechtel et al., 1991; Singh et al., 1988), they have a significant effect on the 
nutritional quality of the flour due to their good balance of essential amino acids 
with a high content of lysine (Singh et al., 1993). In addition, triticins may also 
affect the functionality of wheat flour doughs by participating in thiol disulphide 
interchange reactions (Sievert et al., 1991). 
In summary, the suppression of gliadin synthesis by RNAi in transgenic 
wheat resulted in changes in the protein balance in the endosperm, with an in-
crease in the glutenin fraction in most lines. Immunolocalization studies carried 
out with a HMW subunit-specific pAb showed more intensive staining of PB in 
the lines which showed the greatest reduction in gliadins and greatest increase 
in HMW subunits. Lines with reduced levels of all gliadin groups (ω/α-hpRNA 
lines) also showed increases in the number and size of the inclusions distributed at 
the surface of the PB. Finally, differences in the size, shape and extent of fusion of 
the PB were observed in the ω/α-hpRNA lines. However, these changes resulted 
in little or no effect on total grain protein content and did not appear to affect glu-
ten protein assembly or protein body stability. 
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Supplementary material
Supplementary Figure S1. Mature seeds from BW208 lines: wild type BW208 (A) and transgenic 




Supplementary Figure S2. Immunolocalization of HMW and γ-gliadins in seed 
sections of BW2003 wild type line (A), and transgenic lines E140 (B) and D874 
(C). Columns 1 and 2 correspond to 21 dpa sections labelled with the HMW R2 
pAb specific for HMW glutenins (1) and the S3B512 mAb specific for γ-gliadins 
(2). Column 3 corresponds to 28 dpa sections labelled with the HMW R2 pAb 
specific for HMW glutenins. Bars in half-seed sections correspond to 500 µm, and 
bars in enlargements correspond to 50 µm. PB, protein bodies; Al, aleurone layer.
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Supplementary Figure S3. Immunolocalization of γ-gliadins in 
28 dpa seed sections of wild type BW208 (A), and transgenic 
lines C655 (B), D793 (C) and D874 (D). Bars in half-seed sec-
tions correspond to 500 µm, and bars in enlargements correspond 
to 50 µm. PB, protein bodies; Al, aleurone layer.
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Supplementary Figure S4. Naphtol Blue Black-stained sections of developing wheat seeds and 
magnification of specific areas of BW208 lines: wild type line (A), C655 (B) and 28A (C). Col-
umn 1, half-seed sections of 21 dpa developing seeds. Squares show the magnified region of 
column 2 pictures; column 2, magnification of specific areas of 21 dpa seed sections; column 3, 
magnification of 28 dpa seed sections; column 4, inclusions on protein bodies of 28 dpa sections. 
Bars in sections of column 1 correspond to 500 µm; bars in magnifications of columns 2 and 3 
correspond to 50 µm, and bars in pictures of column 4 correspond to 25 µm. PB, protein bodies; 
AL, aleurone layer; I, inclusion.
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Resumen de resultados y discusión
En el presente trabajo se ha utilizado la transformación genética de dos líneas 
de trigo harinero (T. aestivum) de la variedad “Bobwhite” (“Bobwhite 208” y 
“Bobwhite 2003”) para el silenciamiento de genes de gliadinas mediante ARN de 
interferencia (ARNi). Para ello se han utilizado diferentes vectores de transfor-
mación basados en la formación de ARN de doble cadena (ARNdc) para lograr 
un silenciamiento específico de grupos de gliadinas. En primer lugar la secuencia 
de una γ-gliadina de trigo harinero (GenBank AY338388) previamente caracteri-
zada en nuestro grupo (Pistón et al., 2006) fue utilizada para el diseño del vector 
pghp8.1 (Gil-Humanes et al., 2008) cuya expresión estaba dirigida por un promo-
tor de hordeína tipo D específico de endospermo. Se observó silenciamiento de 
γ-gliadinas en las siete líneas transgénicas obtenidas. El nivel de silenciamiento 
de la fracción de γ-gliadinas en las líneas transformadas determinado mediante 
escaneo de los geles A-PAGE de proteínas se situó entre el 33-80% dependiendo 
de la línea transgénica (Gil-Humanes et al., 2008). Dichas líneas fueron totalmen-
te fértiles y el silenciamiento se mantuvo estable en las siguientes generaciones. 
Tomando como base el vector pghpg8.1 se diseñó el vector pGhpg8.1, 
en el que la expresión estaba dirigida por un promotor de γ-gliadinas también 
específico de endospermo. Las líneas transgénicas obtenidas con ambos vectores 
γ-hpRNA (pghpg8.1 y pGhpg8.1) fueron posteriormente analizadas con mayor 
detalle mediante HPLC de fase reversa (RP-HPLC) (Gil-Humanes et al., 2011). 
Los resultados obtenidos mostraron que los niveles medios de silenciamiento de 
las γ-gliadinas estaban entre el 77,4-85,5% dependiendo de la línea transgénica. 
Se observó un efecto compensatorio, con un aumento significativo de las gluteni-
nas totales mientras que el contenido total de gliadinas no varió significativamen-
te. Además, el contenido de proteína total aumentó ligeramente y el de almidón 
disminuyó.
Las propiedades del gluten y del almidón de las líneas con niveles reduci-
dos de γ-gliadinas fueron analizadas mediante el Mixolab®. La reducción de las 
γ-gliadinas produjo ligeros cambios en los parámetros obtenidos por el Mixolab®, 
dependiendo de la línea transgénica. Sin embargo, no todas las líneas se vieron 
afectadas, y para muchas de ellas la supresión de las γ-gliadinas no afectó a las 
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propiedades de la masa, sugiriendo que las γ-gliadinas no tienen un papel funda-
mental en la calidad harino-panadera.  
En segundo lugar se diseñaron nuevos vectores ω/α-hpRNA (pDhp-ω/α 
y pGhp-ω/α) que contenían fragmentos en sentido y antisentido altamente con-
servados en los tres grupos de gliadinas (α-, γ-, y ω-gliadinas) (Gil-Humanes et 
al., 2010). Se obtuvieron 13 líneas transgénicas que mostraban niveles muy re-
ducidos de todas las gliadinas. En cuatro de las líneas se observaron reducciones 
significativas de las gluteninas LMW. Todas las líneas transgénicas fueron férti-
les, presentaron una morfología y peso de grano normal, y el silenciamiento se 
mantuvo en generaciones posteriores. La reducción de gliadinas medida mediante 
RP-HPLC fue de hasta un 95%, dependiendo de la construcción utilizada y de la 
línea transgénica. Valores similares de silenciamiento se confirmaron con el ensa-
yo ELISA basado en el anticuerpo monoclonal R5 (Valdes et al., 2003). La calidad 
harino-panadera de las líneas se estimó mediante el test de sedimentación dodecil 
sulfato de sodio (SDSS). La mayoría de las líneas con silenciamiento de todas 
las gliadinas presentaron volúmenes de SDSS comparables con los controles no 
transformados. El SDSS es un test a pequeña escala que está altamente correla-
cionado con la fuerza de la masa y la calidad harino-panadera en trigo (Carter et 
al., 1999). El sedimento en la solución SDS resulta teóricamente del hinchazón 
de las cadenas de gluten (Eckert et al., 1993) y valores altos de volúmenes en el 
test SDSS han sido correlacionados con la fuerza del gluten y la calidad panadera 
(Lorenzo y Kronstad, 1987; Ayoub et al., 1993).
A partir de las proteínas del gluten extraídas de las líneas silenciadas y 
sus controles se realizaron ensayos con clones de células T obtenidas de lesiones 
intestinales de pacientes celíacos específicas para los epítopos DQ2-α-II, DQ2-γ-
VII, DQ8-α-I, y DQ8-γ-I (Gil-Humanes et al., 2010). En cinco de las líneas trans-
génicas se observó una reducción de entre 1,5-2 log en la cantidad de epítopos 
DQ2-α-II y DQ2-γ-VII, y de al menos un log en los epítopos DQ8-α-I y DQ8-γ-I. 
Además, también se hicieron pruebas utilizando dos líneas de células T reactivas 
con epítopos de ω-gliadinas. En tres de las líneas transgénicas no se observó res-
puesta alguna, mientras que en seis de ellas la respuesta fue muy reducida.
La síntesis y deposición de las proteínas de almacenamiento en los cuer-
pos proteicos se estudió a lo largo del desarrollo del grano utilizando técnicas de 
microscopía de luz visible y de fluorescencia combinadas con inmunodetección 
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usando anticuerpos específicos de γ-gliadinas y gluteninas HMW (Gil-Humanes 
et al. 2011). Los resultados mostraron que la disminución del contenido total de 
gliadinas unido al incremento en gluteninas HMW en las líneas con silenciamien-
to de todas las gliadinas, produjeron cambios en la formación y agregación de los 
cuerpos proteicos. Por su parte, las líneas control no transformadas y las líneas 
con reducción sólo de las γ-gliadinas presentaban los típicos cuerpos proteicos 
grandes y de forma circular y regular. Las líneas transgénicas con todas las glia-
dinas reducidas tenían cuerpos proteicos de menor tamaño y forma irregular. El 
modo de formación de los cuerpos proteicos también fue irregular en las líneas 
con reducción de todas las gliadinas. Esta formación irregular de los cuerpos 
proteicos ya había sido descrita previamente en líneas mutantes y transgénicas 
de maíz (Zhang y Boston, 1992; Wu y Messing, 2010), arroz (Kawakatsu et al., 
2010) y tabaco (Randall et al., 2000).
En las líneas con silenciamiento de todas las gliadinas también se observó 
un aumento en el número y tamaño de las inclusiones de los cuerpos proteicos, en 
las que se ha descrito la presencia de triticinas (Bechtel et al., 1991). Sin embar-
go, los cambios producidos en los niveles de gliadinas y gluteninas, así como los 
cambios morfológicos en los cuerpos proteicos no afectaron al contenido total de 
proteína del grano ni a las proporciones de las distintas fracciones proteicas.
Este trabajo confirma que el silenciamiento basado en ARNi puede ser 
usado para la reducción específica de grupos de proteínas codificadas por fami-
lias de genes como son las γ-gliadinas o los tres grupos de gliadinas (α-, γ-, y 
ω-gliadinas). El silenciamiento de los tres grupos de gliadinas produjo una drás-
tica reducción de los epítopos relacionados con la enfermedad celíaca, por lo que 
las harinas procedentes de estas líneas podrían emplearse para la elaboración de 
productos libres de gluten aptos para celíacos. 
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Summary of results and discussion
In the present work two lines of bread wheat (T. aestivum) of the variety ‘Bob-
white (‘Bobwhite 208’ y ‘Bobwhite 2003’) have been used for the RNA interfer-
ence (RNAi)-mediated gene silencing of gliadins. Different transformation vec-
tors based on the formation of doubled-stranded RNA (dsRNA) have been used to 
achieve the specific silencing of groups of gliadins. Firstly, the sequence of a bread 
wheat γ-gliadin (GenBank AY338388) which had been previously characterized 
by our group (Pistón et al., 2006) was used to design the vector pghp8.1 (Gil-
Humanes et al., 2008), whose expression was regulated by an endosperm-specific 
D-hordein promoter. The seven transgenic lines obtained showed down-regula-
tion of the γ-gliadins fraction. The level of silencing, determined by A-PAGE gels 
scanning, was between 33-80% depending on the transgenic line (Gil-Humanes et 
al., 2008). All the transgenic lines were fully fertile and the silencing was stably 
transmitted to the following generations.
The vector pGhpg8.1, whose expression was regulated by an endosperm-
specific γ-gliadin promoter, was designed on the basis of the pghpg8.1. Trans-
genic lines transformed with both γ-hpRNA vectors (pghpg8.1 and pGhpg8.1) 
were analyzed by reversed phase HPLC (RP-HPLC) (Gil-Humanes et al., 2011). 
The results showed that the average level of silencing of the γ-gliadins was be-
tween 77.4-85.5%, depending on the transgenic line. A compensatory effect of the 
protein synthesis was observed. Total glutenins content increased significantly, 
while the content of gliadins did not vary significantly. Moreover, the total protein 
content increased slightly and the starch content decreased.
Gluten and starch properties of the lines with down-regulation of the 
γ-gliadins were analyzed by the Mixolab®. The reduction of the γ-gliadins pro-
duced some changes in the parameters measured with the Mixolab®, depending 
on the transgenic line. However, not all the transgenic lines were affected and 
many of them did not show changes in the dough properties, suggesting that the 
γ-gliadins are not a main determinant on dough quality though they contribute to 
dough strength.
Next, new vectors ω/α-hpRNA (pDhp-ω/α y pGhp-ω/α) containing sense 
and antisense fragments of highly conserved sequences of the three groups of glia-
dins (α-, γ-, and ω-gliadins) were designed to down-regulate the expression of all 
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the groups of gliadins (Gil-Humanes et al., 2010). Thirteen transgenic lines with 
reduced levels of gliadins were obtained, while four of them also showed signifi-
cant reductions of the LMW glutenins. All the transgenic lines were fully fertile 
and showed normal morphology and seed weight. The silencing was also stably 
transmitted to the following generations. Reductions of up to 95% were observed 
by RP-HPLC analysis, depending on the transformation construct and the trans-
genic line. Similar levels of down-regulation were observed in the quantification 
of total gliadins by the ELISA immunoassay based on the monoclonal antibody 
R5 (Valdes et al., 2003). Bread-making quality was assessed by sodium dodecyl 
sulphate sedimentation (SDSS) test. Most of the lines showing down-regulation 
of all the groups of gliadins showed SDSS volumes comparable with the wild 
type lines. SDSS is a small-scale test used in bread wheat breeding programs to 
predict gluten strength and baking quality (Carter et al., 1999). The sediment in 
the SDS solution theoretically results from the swelling of the glutenin strands 
(Eckert et al., 1993), and high SDS sedimentation volumes have been associated 
with stronger gluten and superior bread-baking quality (Lorenzo and Kronstad, 
1987; Ayoub et al., 1993). 
Total gluten proteins extracted from transgenic and wild type lines were 
used to test the ability to stimulate T-cell clones derived from the intestinal le-
sions of celiac patients and specific for the DQ2-α-II, DQ2-γ-VII, DQ8-α-I, and 
DQ8-γ-I epitopes (Gil-Humanes et al., 2010). Five of the transgenic lines showed 
a reduction of 1.5-2 log in the amount of DQ2-α-II and DQ2-γ-VII and at least 1 
log reduction in the amount of the DQ8-α-I, and DQ8-γ-I epitopes. In addition, 
two T-cell lines reactive with ω-gliadins were used to test the transgenic lines. In 
two of the transgenic lines the gluten extract was unable to elicit T-cell responses, 
whereas six of the transgenic lines produced reduced responses.
Synthesis and deposition of the storage proteins in the protein bodies (PB) 
were studied in developing seeds (Gil-Humanes et al. 2011). Light and fluores-
cence microscopy techniques combined with the use of specific antibodies for 
γ-gliadins and HMW glutenins were used. The results showed that the reduction 
of the gliadin content and the increase of the HMW glutenins in the lines with 
all the gliadins down-regulated produced changes in the formation and fusion of 
the protein bodies. Typical large rounded PB were found in the wild type lines 
and the transgenic lines with reduced levels of γ-gliadins, while the lines with 
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all gliadins down-regulated had protein bodies of irregular shape and irregular 
formation. Irregular PB formation has been previously described in mutants and 
transgenic lines of maize (Zhang and Boston, 1992; Wu and Messing, 2010), rice 
(Kawakatsu et al., 2010), and tobacco (Randall et al., 2000).
The size and number of inclusions, which have been reported to contain 
triticins, were also higher in the PB in the lines with all the gliadins down-
regulated. Changes in the protein composition and PB morphology reported in the 
transgenic lines with all gliadins down-regulated did not result in marked changes 
in the total protein content or instability of the different fractions. 
This work confirms that the RNAi-based gene silencing can be used 
to specifically down-regulate the expression of groups of proteins encoded by 
multigene families such as the γ-gliadins or all the groups of gliadins (α-, γ-, y 
ω-gliadins). The down-regulation of all the groups of gliadins produced a severe 
reduction of the celiac disease related epitopes, so that the flour from these trans-
genic lines could be used to produce gluten free products for celiac patients.
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1. El ARNi es una herramienta efectiva para la reducción potente y 
específica de grupos de proteínas codificadas por familias multigénicas como 
las γ-gliadinas o el conjunto formado por el total de gliadinas.
2. El silenciamiento de γ-gliadinas provoca un efecto compensatorio 
incrementándose los niveles del resto de gliadinas no silenciadas, por lo que 
el contenido en epítopos relacionados con la enfermedad celíaca en las líneas 
con silenciamiento de γ-gliadinas no disminuye.
3. Las γ-gliadinas no son un determinante fundamental de la calidad harino-
panadera de trigo, ya que la supresión de esta fracción proteica tiene poco 
efecto sobre las propiedades tecnológicas del gluten y almidón determinadas 
con el Mixolab®. 
4. Las líneas transgénicas obtenidas con silenciamiento de todos los grupos 
de gliadinas contienen una cantidad muy reducida de los epítopos DQ2-
α-II, DQ8-α-I, DQ2-γ-VII, DQ8-γ-I y DQ2-ω-1, presentes en las  α-, γ- y 
ω-gliadinas y relacionados con la enfermedad celíaca, según los resultados 
de la estimulación de clones y líneas de células T. Por lo tanto, aunque se 
requiera el desarrollo de nuevas líneas de trigo, las descritas en este trabajo 
reúnen los requisitos para emplearse en la elaboración de productos aptos para 
un gran número de enfermos celíacos. 
5. El silenciamiento α-, γ- y  ω-gliadinas mediante ARNi produce cambios 
en el equilibrio de las proteínas del grano de trigo, produciéndose incrementos 
especialmente de las gluteninas,  albúminas y globulinas.
6. La supresión de gliadinas de trigo provoca cambios en la morfología y modo 
de formación de los cuerpos proteicos, probablemente como consecuencia 
de una reducción en la proporción de cuerpos proteicos de origen vacuolar. 
Por lo tanto, las gliadinas parecen desempeñar un papel fundamental en la 






1. RNAi is an effective tool to reduce strongly and specifically the expres-
sion of groups of proteins encoded by multigenes families such as γ-gliadins 
or all the groups of gliadins. 
2. The down-regulation of γ-gliadins promotes a compensatory effect with 
an increment in the expression of the rest of gliadins. Consequently, the con-
tent of celiac disease-related epitopes does not decrease in the transgenic 
lines with the γ-gliadins down-regulated. 
3. The γ-gliadins are not a main determinant on dough quality since the re-
duction of γ-gliadins has little effect on the technological properties of gluten 
and starch determined with the Mixolab®. 
4. Transgenic lines with down-regulation of all the groups of gliadins con-
tain reduced amounts of the celiac disease-related epitopes DQ2-α-II, DQ8-
α-I, DQ2-γ-VII, DQ8-γ-I y DQ2-ω-1, present in the α-, γ- y  ω-gliadins, as 
derived from the experiments of stimulation of T cell clones and lines from 
celiac patients. Therefore, although the development of wheat lines with a 
greater reduction of epitopes might be required, the transgenic lines descri-
bed here could be used to elaborate gluten-free products suitable for many 
celiac patients. 
5. The silencing of α-, γ- and ω-gliadins by RNAi produces changes in the 
balance of seed proteins, producing increments of glutenins, albumins and 
globulins.
6. The suppression of gliadins promotes changes in the morphology and 
mode of formation of the protein bodies, probably as a result of the reduction 
in the proportion of protein bodies of vacuolar origin. Therefore, gliadins 
may play an important role in the formation and stabilization of the protein 
bodies. 




